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The  first  six  months  of  a  study  contract 
to  investigate  the  design  and  development  prob¬ 
lems  of  the  MX-2276  weapon  system  have  been 
completed.  The  necessary  environment  for  the 
pilot  has  been  determined  and  methods  for 
providing  the  proper  environment  are  suggested. 
A  method  for  determining  the  size  of  cooling 
system  required  using  intrawall  cooling  is 
presented. 

The  equations  of  linear  motion  of  a  ve¬ 
hicle  such  as  Stage  III  have  been  derived. 
Various  methods  of  simplifying  these  equations 
will  be  investigated.  Tables  of  the  flow  param¬ 
eters  for  shock  flow  and  isentropic  flow  which 
incorporate  van  der  Waal's  forces  and  variable 
specific  heat  have  been  prepared  for  the  range 
of  altitude  and  Mach  numbers  under  consider¬ 
ation.  A  series  of  parameters  defining  the 
limits  to  which  present  theory  and  test  data 
are  applicable  with  respect  to  the  MX-2276  flight 
regime  have  been  selected  and,  where  neces¬ 
sary,  modified. 


Methods  for  the  computation  of  skin  fric¬ 
tion  and  heat  transfer  coefficient  for  both 
laminar  and  turbulent  boundary  layers  up  to 
M  w  10,  have  been  selected.  Using  these  heat 
transfer  coefficients,  methods  for  calculation 
of  outside  skin  temperatures  and  heat  flux 
densities  have  also  been  selected  up  to  M  «  10 

Test  data  for  the  characteriotics  of  wings, 
bodies,  and  wing  body  combinations  have  been 
compared  with  applicable  theory. 

Methods  for  determining  gust  criteria  and 
loads  have  been  determined.  Flight  loads  due  to 
centrifuva’  effects  have  been  calculated  for  both 
boost  and  cruise  phases  of  flight.  Various  mate¬ 
rials  have  been  examined  for  use  as  structure. 
Insulation,  and  cooling  media  and  representative 
samples  selected  for  use  in  preliminary  calcula¬ 
tions.  Parameters  have  been  selected  for  com¬ 
paring  these  materials  for  applications  involving 
tensile  strength,  compressive  strength  of  stable 
and  elastically  unstable  elements,  stiffness,  heat 
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capacity  of  cooling  fluids,  and  insulating  value  of 
conduction  barriers,  A  limitation  of  0.2% perma¬ 
nent  set  due  to  creep  was  arbitrarily  established 
for  comparison  of  structures  for  this  character¬ 
istic,  The  problem  of  thermal  shock  has  been 
investigated  using  sample  structural  elements 
and  several  tentative  solutions  are  suggested. 
Radiation  and  conduction  insulating  barriers 
have  been  compared  and  the  radiation  type 
shown  to  be  superior  from  a  weight  standpoint. 

A  multiaxis  inertial  navigation  system 
supplemented  by  radar  correction,  has  been 
recommended  for  both  bomber  and  missile.  A 
transverse  polar  coordinate  system  has  been 
selected.  The  accuracy  requirements  and 
quality  of  components  have  been  generally 
ascertained. 

The  field  of  liquid  rocket  propellant  com¬ 
binations  has  been  reviewed  and  four  combina¬ 
tions  have  been  selected  for  further  study.  These 


are  selected  primarily  on  the  basis  of  perform¬ 
ance  and  development  time,  those  requiring 
least  development  time  having  poorest  per¬ 
formance  and  vice  versa. 


i  A  preliminary  Investigation  of  the  advantages 
to  be  obtained  through  the  use  of  a  propellant 
consisting  of  50%  oxygen-50%  fluorine  with  JP-4 
has  been  completed.  In  conjunction  with  this,  the 
total  weight  decrease  made  possible  through  the 
use  of  an  expendable  first  stage  as  well  as  second 
stage  is  also  shown. 

The  initial  results  of  an  analysis  to  determine 
the  size  and  complexity  of  a  weapon  capable  of 
one  circumnavigation  of  the  globe  have  been  ob¬ 
tained.  Four  possible  flight  paths  were  utilized 
and  their  effect  upon  the  weight  and  energy  re¬ 
quired,  as  well  as  the  resultant  velocity  and 
altitude  over  the  target,  have  also  been  ascer¬ 
tained. 
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In  July  1953  the  Bell  Aircraft  Corporation 
completed  an  introductory  study  of  a  manned, 
rocket -boosted,  glide  aircraft  which  could  sat¬ 
isfy  the  requirements  of  an  Advanced  Strategic 
Weapon  System  and  is  capable  of  both  long 
range  bombing  and  reconnaissance  missions. 
This  weapon  system  (presented  in  Reference  1) 
consists  of  a  multistage  carrier,  a  guided  glide 
missile,  and  the  navigational  guidance,  control, 
command  and  other  equipment  necessary  to 
integrate  the  human  and  missile  into  the  weapon 
system.  The  Initial  concept  consisted  of  a 
three-stage  carrier  including  a  first  stage 
manned,  recoverable  booster  airplane,  a  second 
stage  expendable  booster,  and  a  third  stage 
manned,  rocket -boosted  glide  airplane.  During 
take-off  and  powered  climb  the  aircraft  has 
primarily  the  characteristics  of  a  guided  rocket, 
while  aircraft  characteristics  predominate  after 
separation  of  the  stages.  The  pilot  can  monitor 
the  flight  of  the  aircraft,  evaluate  defense 
weapon  concentrations,  operate  or  monitor  map¬ 
ping  and  photographic  equipment,  assist  in 
missile  guidance  and  target  identification,  eval¬ 


uate  damage,  and  land  the  aircraft  after  the 
mission. 

On  1  April  1954  a  one-year  program  was 
initiated  at  Bell  Aircraft  Corporation,  for  the 
New  Development  Office,  Bombardment  Aircraft 
Branch,  WADC  in  accordance  with  USAF  Con¬ 
tract  No.  AF33(616)2419  and  RDO  No.  R441-47 
for  further  study  of  this  weapon  system  (now 
designated  MX-2276).  The  objective  of  this 
study  is  to  determine  the  technical  problems 
Involved  In  the  design  of  a  rocket -propelled, 
manned  strategic  weapon  system.  Specifically 
this  study  is  to  Investigate  the  problem  areas 
in  the  light  of  existing  data  and  current  re¬ 
search  programs. 

The  major  effort  was  to  be  devoted  to 
items  such  as: 

1.  Requirements  for  crew,  showing  not 
only  the  functions,  workload,  effectiveness,  and 
environment  but  also  comparing  relative  devel¬ 
opment  problems  of  manned  and  unmanned 
systems. 
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2.  Evaluation  of  relative  size  and  com¬ 
plexity  of  reconnaissance  and  reconnaissance/ 
bombardment  systems.  A  preliminary  analysis 
of  a  weapon  capable  of  one  complete  global 
circumnavigation  is  to  be  included. 

3.  Aerodynamic  investigations,  especially 
lift  and  drag  at  hypersonic  speeds,  heat  trans¬ 
fer  and  weapon  system  performance.  Stability, 
control,  launching,  and  stage  separation  prob¬ 
lems  were  also  to  be  considered. 

4.  Guidance,  navigation,  bombing,  and 
other  equipment  studies  showing  suitable  sys¬ 
tems  and  radar  operation  at  high  altitudes. 

5.  Evaluation  of  propellant  combinations 
with  respect  to  system  complexity,  chamber 
cooling,  and  effect  on  over-all  vehicle  size. 


6.  Investigation  of  structural  problems 
showing  material  properties,  cooling  or  insula¬ 
tion  effects,  and  designs  for  optimum  strength 
to  weight  ratio.  A  preliminary  structural  de¬ 
sign  is  to  be  shown  supported  by  design  criteria 
and  weight  estimates. 

Additional  optimization  of  the  weapon  system 
was  not  included  in  this  work.  The  results  of 
this  study  will  provide  the  firm  technical  basis 
necessary  for  future  planning  on  programs, 
funds,  and  facilities. 

This  report  is  submitted  in  compliance 
with  the  contractual  requirement  that  an  Interim 
Technical  Report  be  Issued  at  the  discretion  of 
the  contractor  but  not  later  than  1  February 
1655. 


Report  No.  0143-945-011 


4 


SECRET 


SECRET 


WEAPON 


SYSTEM  DESCRIPTION 


A. 


... 


-  4 

P 


ORIGINAL  CONCEPT 


I.  CONFIGURATION 

The  configuration  proposed  in  Reference 
1  has  not  been  changed  during  this  study  phase, 
although  the  results  of  these  studies  indicate 
the  desirability  of  some  changes.  This  original 
configuration  consists  of  (1)  Stage  I,  a  manned, 
liquid  rocket  powered  booster  airplane;  (2) 
Stage  n,  an  expendable  liquid  rocket -powered 
booster;  (3)  Stage  HI,  a  manned,  liquid  rocket - 
boosted  glide  aircraft;  and  (4),  a  guided,  un¬ 
powered  missile  containing  a  2800-pound  spe¬ 
cial  warhead. 


Stage  1  is  a  canard  configuration  which  has 
conventional  tricycle  landing  gear  and  flaps. 
During  ascent  it  is  controlled  by  means  of 
gimbal-mounted  thrust  chambers,  and  after 
burnout  aerodynamic  surfaces  are  used  for 
control  and  recovery  employing  conventional 
airplane  landing  techniques. 

Stage  II  is  an  expendable  booster  which  is 
destroyed  after  separation.  Gimbal-mounted 
thrust  chambers  are  used  for  control  of  this 
stage  also. 
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Stage  III  Is  a  modified  delta  configuration 
which  performs  the  strategic  mission.  Control 
is  provided  by  conventional  aerodynamic  sur¬ 
faces.  A  retractable,  tandem,  two-skid,  landing 
gear  is  provided  for  recovery. 


2.  NAVIGATION 


A  multiaxis  inertial  navigation  system  in 
conjunction  with  a  three-axis  autopilot  system 
will  automatically  navigate  the  weapon  system 
to  the  target  and  on  to  the  landing  point.  Cor¬ 
rections  for  map  or  system  inaccuracies  can 
be  made  by  the  pilot  using  optical  or  radar 
information. 

A  second  multiaxis  system,  which  is 
erected  using  the  carrier  inertial  information 
as  a  reference,  will  be  used  to  navigate  the 
unpowered  missile  to  the  target.  After  missile 
launch,  a  final  correction  for  target  location 
can  be  made  by  the  pilot.  Since  Stage  III  will 
pass  over  the  target  prior  to  the  missile's 
arrival,  the  pilot  can  observe  the  actual  target 
location  by  radar  or  optical  means.  This 
information  can  then  bo  used  to  compute  a 
correction  which  is  transmitted  to  the  missile 
via  a  radio  command  link. 


3.  MISSION 

The  primary  functions  of  this  weapon  sys¬ 
tem  are  long-range  strategic  bombing  and  high- 
altitude  reconnaissance.  The  high  speeds  and 
altitudes  at  which  this  system  operates  make 
the  vehicle  extremely  invulnerable  to  any  de¬ 
fenses  presently  conceived.  The  range  of  the 
system  is  great  enough  so  that  it  can  be  used 
on  shuttle  missions  from  bases  located  in  the 
norihern  United  States,  across  enemy  territory, 
to  bases  located  in  friendly  territory.  With 
the  present  range  (10,600  nautical  miles),  two 
bases  outside  the  U.  S.  would  suffice  for 
complete  coverage  of  enemy  territory. 

On  a  typical  mission,  the  vehicle  con¬ 
taining  all  stages  is  launched  vertically  from 
a  suitable  platform,  utilizing  the  thrust  from 
Stages  I  and  II,  and  enters  a  curvilinear  flight 
path  which  ultimately  becomes  horizontal.  When 
Stage  t  burns  out  it  is  separated  and  glides 
back  to  a  landing.  Stage  II  continues  to  boost  the 
remaining  vehicles  along  the  cjrvilinear  path 
and  is  destroyed  after  its  propellant  is  exhausted. 
The  Stage  III  power  plant  is  then  started,  and 
peak  altitude  and  velocity  are  reached  at  burn¬ 
out.  This  stage  then  glides  along  a  maximum 
L/D  path  to  its  destination.  The  missile  is 
launched  at  the  proper  time  for  destruction  of 
the  target.  At  the  completion  of  the  flight, 
Stage  III  is  landed  by  the  pilot. 
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On  the  basis  of  current  studies,  certain  in¬ 
teresting  system  trends  can  be  shown.  These 
include  the  effect  of  Increased  propellant  per¬ 
formances  on  take-off  gross  weight,  the  effect 
of  expendable  boost  stages,  and  the  circum¬ 
navigation  possibilities. 


I.  PROPELLANT  PERFORMANCE 

To  show  the  effect  of  Increased  propellant 
performance  on  take-off  gross  weight  required 
to  attain  the  speed  and  altitude  performance 


shown  in  Reference  1,  a  propellant  combination 
consisting  of  an  oxidizer  mixture  of  50%  oxygen 
with  50%  Fluorine  with  JP  4  as  fuel  was 
assumed.  A  summary  of  the  results  consisting 
of  the  weight  of  Individual  stages  and  the  take¬ 
off  weights  is  presented  in  Table  I.  In  these 
calculations  a  motor  chamber  pressure  of 
1000  psi  was  assumed.  The  specific  impulse 
values  were  extrapolated  from  experimental 
values  achieved  with  a  3C0-psl  chamber  pres¬ 
sure  motor.  UBe  of  this  propellant  reduces 
the  take-off  gross  weight  from  851,000  to 
548,000  pounds.  Further  studies  using  this 
propellant  are  being  made. 


TABLE  I.  EFFECTS  OF  PROPELLANT  AND  STAGING  COMBINATIONS 


- - - 

Staging 

I  &  III  -  Winged 

II  -  Ex. 

III  -  Winged 

I  &  II  Ex. 

I  &  ID  -  Winged 

II  -  Ex. 

III  -  Winged 

I  &  II  Ex. 

Propellant 

o2  -  nh3  -  n2h4 

02  -  NH3  -  N2H4 

02  ~  F2,  JP-4 

02  -  F2,  JP-4 

I-* 

Isp 

285 

285 

316 

316 

0> 

SP 

w 

Dry  Weight* 

165,000 

88,000 

107,400 

40,400 

Prop.  Wt. 

486,000 

382,000 

302,000 

227,000 

to 

Total  Wt. 

651,000 

470,000 

409,400 

273,400 

%  Struct.  Wt. 

15.3 

7.6 

15.3 

7.6 

Propellant 

02  -  nh3  -  N2H4 

02  -  nh3  -  n2h4 

02  -  F2,  JP-4 

02  -  F2,  JP-4 

^sp 

315 

315 

349 

349 

0> 

Dry  Weight 

30,000 

30,000 

21,100 

21,100 

s 

Prop.  Wt. 

125,000 

125,000 

81,500 

61,500 

55 

Total  Wt. 

155,000 

155,000 

102,600 

102,600 

%  Struct.  Wt. 

8.5 

8.5 

8.5 

8.5 

Propellant 

N2H4  -  WFNA 

N2H4  -  WFNA 

02  -  F2,  JP-4 

02  -  F2,  JP-4 

a 

Isp 

310 

310 

349 

349 

►“4 

Dry  Weight** 

18,800 

18,800 

16,600 

16,600 

bfl 

Prop.  Wt. 

26,200 

26,200 

19,400 

19,400 

55 

Total  Wt. 

45,000 

45,000 

36,000 

36,000 

%  Struct.  Wt. 

20.0 

20.0 

20.0 

20.0 

Gross 

Weight 

851,000 

670,000 

548,000 

412,000 

*  -  All  weights  are  In  pounds  **  -  Includes  4200  lb  payload  weight 
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2.  EXPENDABLE  3IAGE5 


Iri  order  to  determine  the  effects  of 
staging  methods  other  than  those  used  in  the 
original  concept,  the  effects  upon  gross  weight 
of  making  both  first  and  second  stages  ex¬ 
pendable  were  calculated.  Removing  the  wings 
of  the  first  stage  reduced  the  structural  weight 
from  15.3%  to  7.6%  of  the  gross  weight.  This 
weight  decrease  results  in  an  improved  propol- 
lant-to-gross  weight  ratio,  thus  requiring  less 
propellant  to  achieve  the  same  performance. 
Table  I  lists  the  take-off  gross  weight  values 
for  both  staging  combinations  and  for  both  the 
original  propellant  and  the  oxygen-fluorine  and 
JP-4  combination.  With  the  improved  propel¬ 
lants,  and  both  first  and  second  stages  ex¬ 
pendable,  a  reduction  in  take-off  gross  weight 
from  851,000  lb.  to  412,000  lb.  was  calculated. 


3  C I RCUM  N  AVI  GAI I  ON  PQSSIBI  HUES 


a.  General 

A  preliminary  study  of  a  manned  global 
weapon  system  capable  of  one  or  more  circum¬ 
navigations  of  the  globe  has  been  initiated. 
Since  this  study  has  not  been  completed,  no 
conclusions  can  be  shown;  however,  the  initial 
results  exhibit  some  interesting  trends  which 
are  summarized  below. 

Before  presenting  these  results,  the 
advantages  of  a  weapon  system  capable  of  cir¬ 
cumnavigation  should  be  reviewed.  It  is  re¬ 
cognized  that  the  increase  in  performance  of  a 
rocket-driven  airplane  by  increasing  the  speed 
from  high  hypersonic  to  circular  velocity  Is  a 
logical  step  toward  Improved  over  all  economy 
and,  In  some  respects,  toward  less  stringent 
operational  conditions.  Some  of  the  advantages 
of  such  a  weapon  system  are: 

1.  Reduction  in  Aerodynamic  Heating 
and  Structural  Weight 


Since  such  a  weapon  could  be  sup¬ 
ported  tnertially  for  a  major  portion  of  Its 
total  range,  flight  at  maximum  lift  over  drag 
attitude  for  maximum  aerodynamic  range  may  no 
longer  be  required.  Hence,  the  vehicle  may 
descend  at  (Ci,)max  rather  than  (Ct/CnW: 
so  that  higher  glide  altitudes  are  maintained 
at  a  given  speed  and  less  Intense  friction  arid 
heating  Is  encountered. 

2.  Independence  of  Foreign  Bases 

All  operations  (both  launch  and  land¬ 
ing)  can  be  conducted  from  permanent  bases 
within  the  continental  United  States.  This 
greatly  facilitates  the  handling  of  high  energy 
rocket  propellants  and  large  booster  stages. 

3.  Rapid  Assessment  of  Mission 

The  results  of  a  mission  are  im¬ 
mediately  available  for  evaluation  and  efficient 
execution  of  subsequent  strikes. 

4.  Temporary  Satellite 

The  number  of  circumnavigations 
can  be  more  than  one  for  extended  reconnais¬ 
sance  activity. 

b.  Preliminary  Results 

Four  types  of  flight  paths  have  been 
constdered  In  this  initial  study.  A  general  de¬ 
scription  of  each  of  these  paths  will  be  given 
along  with  some  factors  which  must  be  con¬ 
sidered  when  evaluating  their  relative  merits. 
A  preliminary  weight  estimate  was  made  using 
the  Oxygen/Fluorlne-JP-4  propellant  combina¬ 
tion  discussed  in  Section  IV-E.  All  results  are 
based  on  an  arbitrary  payload  of  3000  pounds 
(including  pilot  and  reconnaissance  equipment) 
and  three  stages  of  which  the  first  and  third 
are  winged. 

PATH  I 

The  final  stage  ts  delivered  horizon¬ 
tally  at  high  altitude  and  descends  along  a  spiral 
which  contacts  the  launching  site  after  one 
circumnavigation  (Figure  1).  This  path  was 
discussed  briefly  in  Reference  1. 
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Figure  1.  Path  Type  I:  Delivery  at  Circular 
Velocity;  One  Circumnavigation;  Spiral  of 
Descent,  Not  Necessarily  at  L/Dn1ax 


The  altitude  at  the  end  of  boost  Is 
370,000  to  400,000  ft  at  a  local  circular  velo¬ 
city  of  roughly  25,700  ft/sec.  The  range  at 
(L/D)max  flight  below  a  velocity  23,000  ft/ sec 
is  approximately  28,000  n.mi.  (nonrotating 
earth,  or  polc-to-pole  circumnavigation  as¬ 
sumed).  Since  the  earth's  circumference  is 
21,500  n.mi.  thiB  path  contains  a  sizeable 
reserve  available  for  maneuvering  or  for  de¬ 
scent  at  a  higher  lift  coefficient  than  permis¬ 
sible  for  (L/D)max-  The  flight  time  is  ap¬ 
proximately  1.75  hours.  This  time  period,  as 
well  as  the  range  given,  does  not  Include  the 
powered  path  which  amounts  to  approximately 
800  n.mi.  range  and  eight  minutes  duration. 
Although  the  cutoff  velocity  is  only  25,700 
ft/sec,  the  Ideal  velocity,  which  represents  the 
total  energy  requirement  for  which  the  vehicle 
muBt  be  laid  out,  corresponds  approximately 
to  30,000  ft/sec.  Ideal  velocity  is  defined  as 
the  speed  attained  by  a  vehicle  in  loss -free 
powered  flight. 

PATH  II 

The  final  stage  is  delivered  into  an 
elliptic  path  of  near-circular  (very  small  ex- 
centricity)  shape  (Figure  2).  The  vehicle  then 
passes  through  an  apogee  at  comparatively  high 
altitude.  At  this  apogee  a  small  impulse  ftmrst 
of  power)  is  needed  such  that  the  vehicle  enters 
a  new  ellipse  whose  perigee  lies  ai  an  altitude 
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of  300,000  ft  and  is  located  over  the  target  area. 
This  type  of  path  offers  the  possibility  for  more 
than  one  pass  over  the  target  area  (i.e,,  more 
than  one  circumnavigation).  This  can  be  ac¬ 
complished  at  an  energy  cost  which  is  not 
appreciably  higher  than  that  for  Path  I.  In  the 
case  of  Path  I,  several  circumnavigations  would 
require  the  vehicle  to  be  above  300,000  feet 
(viz.  500,000  to  600,000  feet)  during  the  first 
passes. 


The  final  stage  is  delivered  at  an 
altitude  of  300,000  ft  and  a  trajectory  angle  of 
5  degrees  at  about  24,300  ft/sec.  The  corres¬ 
ponding  ideal  velocity  is  about  28,500  ft/sec. 
Within  14.4  minutes  after  cutoff  the  vehicle 
has  reached  its  summit  (apogee)  at  154  nmi. 
altitude.  At  that  point  it  has  a  speed  of  23,570 
ft/sec  and  has  covered  a  surface  range  of  about 
3000  n.mi.  from  the  launching  point.  The 
vehicle  now  spends  its  residual  propellant  to 
produce  a  velocity  increment  of  1,000  ft/sec, 
boosting  its  apogee  speed  to  25,180  ft/sec.  The 
vehicle  then  heads  back  toward  the  earth  and, 
after  another  44  minutes,  reaches  the  perigee 
point  at  250,000  to  300,000  ft  altitude  at  a 
speed  of  26,000  ft/sec  (i.e.,  nearly  circular 
speed).  The  horizontal  range  from  the  launching 
site  is  now  14,000  n.mi.  The  dynamic  pressure 
near  tho  perigee  at  that  speed  is  approximately 
27  lb  per  sq  ft  (250,000  ft- altitude),  so  that 
aerodynamic  control  appears  possible.  The 
vehicle  haB  ample  energy  reserve  to  deviate, 


Figure  2.  Path  Type  II:  Low  Eccentricity 
Ellipse  with  Perigee  Near  Target  Area 
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during  the  subsequent  subcircular  glide,  from 
its  initial  great  circle  path,  or  to  descend 
through  the  denser  atmosphere  (below  200,000 
ft)  with  (CiJmax  rather  than  (L/D)max.  It  was 
found  that  only  a  very  small  additional  velocity 
increment  near  the  perigee  would  permit  another 
circumnavigation.  In  the  present  example,  the 
over-all  ideal  velocity  Is  28,500  +  1,600  =  30,100, 
that  is,  approximately  the  same  level  as  Path  I. 

PATH  HI 

The  vehicle  is  delivered  horizontally  at 
a  suitable  altitude  but  at  a  speed  which  is  in 
excess  of  the  local  circular  velocity.  This  ex¬ 
cess  (designated  elliptic  excess)  would  send  the 
vehicle  into  an  elliptic  orbit,  if  It  were  not  forced 
to  stay  in  the  circular  path  by  a  negative  lift 
produced  by  aerodynamic  forces  which  are 
sufficiently  strong  at  this  altitude  and  speed 
(constrained  circular  path  Figure  3).  The 
vehicle  then  begins  Its  (light  at  a  negative 
angle  of  attack,  which  decreases  as  the  vehicle 
is  slowed  down.  When  reaching  circular  speed 
the  vehicle  has  zero-lift  attitude  and  there¬ 
after  passes  into  a  positive  angle  of  attack 
position  until  maximum  lift  (or  lowest  speed) 
is  attained.  This  temiinates  the  constant 
altitude  flight  and  subsequently  the  vehicle  be¬ 
gins  to  lose  altitude. 

A  representative  path  consists  of  a 
horizontal  altitude  of  290,000  ft  at  a  velocity 


Figure  3.  Path  Type  1H:  Constrained  Path 


of  29,000  ft/ sec.  The  dynamic  pressure  at  this 
speed  is  about  14.5  lb  per  sq.  ft,  and  the  pilot's 
Initial  negative  weight  is  26%  of  his  surface 
weight.  The  vehicle  can  remain  at  this  altitude 
down  to  a  lower  velocity  limit  of  approximately 
24,500  ft/sec.  The  range  covered  during  the 
deceleration  from  29,000  to  24,500  ft/sec  is 
approximately  5000  n.mi.  and  requires  about 
19  minutes  flying  time.  During  this  period  the 
"negative"  apparent  weight  of  the  pilot  is  re¬ 
duced  from  26%  of  his  true  weight  through 
zero  to  a  "positive"  apparent  weight  of  8%. 
The  powered  path  range  in  this  case  is  longer, 
at  least  1,000  n.mi.,  so  that,  when  the  velocity 
is  down  to  24,500  ft/sec,  the  vehicle  is  approxi¬ 
mately  6,000  n.mi.  away  from  the  launching 
site,  that  is,  right  over  the  center  of  the  Russian 
target  area,  assuming  the  vehicle  follows  the 
direct  route  rather  than  flying  in  the  opposite 
direction  like  the  preceding  paths.  With  24,500 
ft/sec,  the  vehicle  haB  then  another  15,500n. mi. 
to  go.  This  appears  feasible,  if  an  (L/D)max 
descent  is  taken.  The  ideal  velocity  required 
in  this  case  Is  about  32,000  ft/sec. 


PATH  IV 

This  type  consists  of  a  circular  path  at 
high  altitude  with  sustalner  motor  for  maintain¬ 
ing  constant  circular  velocity.  In  order  to  re¬ 
strict  the  propellant  requirements  for  cruise,  the 
drag  must  be  very  small;  hence,  the  altitude  must 
be  high.  It  will  be  seen  below  that,  for  moderate 
propellant  consumption  of  not  more  than  200  lb  ’ 
per  revolution,  the  vehicle  must  maintain  alti-  , 
tudes  of  450,000  ft  and  above.  Figure  4  shows 
this  consumption  per  revolution  as  function  of  i 
the  cruise  altitude,  operating  at  a  specific  thrust  ... 
of  350  ib  thrust  per  lb  propellant  per  second,  for 
a  mean  vehicle  weight  of  10,000  lb.  The  alti-  ! 
tude  range  considered  lies  in  the  free  molecule  J 
flow  regime  and  the  drag  coefficient,  based  on 
the  lifting  area,  is  found  to  lie  between  0.35  and  Yi 
0.7,  depending  on  body  shape  and  gas  composi-  J 
tion.  A  lifting  area  load  of  20  lb  per  sq  ft  has 
been  assumed.  It  can  be  seen  that  cruising  with- 
in  the  altitude  limit  of  300,000  ft  is  prohibi-  j. 
tively  expensive,  in  spite  of  the  high  specific 
thrust.  Cruising  altitudes  of  the  order  of  450,000  t 
ft  or  above  evidently  are  required.  j 
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The  above  typical  flight  paths  illustrate 
the  requirements  associated  with  circumnaviga¬ 
tion.  A  comparison  between  these  flight  path  pro¬ 
totypes  indicates  the  following  general  results 
which  should  only  be  interpreted  qualitatively  at 
the  present  time. 


1.  Energy  Requirement 

Most  energy  is  needed  for  the  con¬ 
strained  path  (HI).  For  the  sustained  path  (IV) 
the  requirement  depends  upon  altitude  and  dura¬ 
tion  of  flight  (number  of  revolutions).  For  paths 
1  and  II  the  energy  requirement  is  lowest,  if  one 
revolution  is  considered. 

The  effect  of  over-all  energy  re¬ 
quirement  (in  terms  of  ideal  velocity)  on  the  take  - 
off  weight  of  a  three-stage  vehicle  carrying  a 
payload  (pilot  reconnaissance  equipment)  of  3000 
lb  Is  indicated  in  Figure  5.  The  band  covers  a 
number  of  variations  of  energy  distribution 
among  the  stages.  It  does  not,  however,  include 
the  effect  of  altitude  variation  fur  Path  IV.  Stages 
3  and  I  are  assumed  to  be  winged;  Stage  2  is 
expendable. 


From  the  operational  point  of  view, 
the  global  weapon  system  places  even  more  em¬ 
phasis  than  the  intercontinental  weapon  system 
on  payload  weight  reduction,  in  order  to  keep 
the  take-off  weight  Increase  at  a  minimum. 
Thus,  since  it  appears  that  reconnaissance  mis¬ 
sions  require  less  payload  weight  than  bombing 
missions,  the  global  weapon  system  seems  to 
lend  itself  primarily  to  a  reconnaissance  type  of 
operation.  However,  this  excludes  bombing 
missions  only  If  the  payload  weights  involved 
are  considerably  larger. 


2.  Number  of  Revolutions 

With  comparatively  little  additional 
energy  (corresponding  to  a  velocity  Increment 
of  not  more  than  1000  ft/sec)  it  is  possible  to 
increase  substantially  the  number  of  revolutions 
with  paths  I  and  n.  For  path  in,  more  than  one 
revolution  appears  to  require  an  oxcesslveiy 
high  energy  increment.  For  path  IV  conditions 
depend  upon  flight  altitude. 
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Figure  5.  Range  of  Take-Off  Weights  of  Global 
Weapon  System  as  Function  of  Ideal  Velocity 

3.  Altitude  over  Target  Area 

To  insure  maximum  possible  radar 
reconnaissance,  a  tentative  maximum  altitude  of 
300,000  feet  over  the  target  area  was  assumed. 
The  condition  is  fulfilled  in  the  case  of  Path  1 
for  1  revolution  only,  for  Path  II  for  more  than 
one  revolution,  but  very  probably  not  more  than 
3  within  the  energy  range  under  consideration. 
The  condition  is  also  fulfilled  in  the  case  of 
Path  in,  but  very  likely  not  for  Path  IV,  because 
of  excessively  large  propellant  consumption  at 
the  lower  altitudes. 

4.  Maximum  Altitude  in  Path 

Path  I  probably  will  not  exceed  an  al¬ 
titude  of  400,000  ft  (except  for  more  than  one 
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revolution),  Path  III  will  stay  within  the  300,000 
ft  limit.  However,  Path  II,  being  an  ellipse,  will 
yield  maximum  altitudes  beyond  100  miles, 
probably  as  much  as  150  to200mlles.  Altitudes 
for  Path  IV  will  probably  not  have  to  exceed 
100-110  miles. 

5.  Stability  and  Control 

Dual  control  systems  for  atmos¬ 
pheric  and  vacuum  operation  will  be  required 
for  all  paths,  with  the  exception  of  Path  III.  For 
operation  in  a  vacuum  a  jet  control  system  is  re¬ 
quired.  Aerodynamic  control  can  be  used  as  soon 
as  the  dynamic  pressure  has  reached  an  adequate 
value  (at  least  about  10  lb  per  sq  ft).  Thus,  the 
global  vehicle  will  normally  use  two  control  sys¬ 
tems.  This  naturally  Increases  the  weight  and 
complexity  of  vehicle  stability  and  control  equip¬ 
ment. 

6.  Weight  Conditions 

More  or  less  extended  periods  of 
weightlessness  will  be  experienced  In  all  cases 
(particularly  Path  II),  except  in  Path  UI,  where 
the  weight  is  "negative"  (upwardly  directed)  dur¬ 
ing  the  initial  portion  of  the  unpowered  flight. 
In  Path  IV  the  weight  is  never  zero,  because  of 
the  sustainer  thrust.  However,  for  reasons  of 
economy  the  sustainer  thrust  must  be  so  small 
that  the  conditions  of  weightlessness  are  ap¬ 
proached  closely,  and  are  maintained  for  the 


duration  of  the  cruise  flight.  So  far,  no  indica¬ 
tions  could  be  found  to  make  the  condition  of 
negative  weight  appear  prohibitively  unattrac¬ 
tive.  Orientation  is  furnished  by  instruments. 
Physiologically,  negative  weight  increases  the 
blood  circulation  through  the  brain  and  provides 
at  least  some  feeling  of  weight  and  direction, 
thereby  making  it  possibly  more  attractive  even 
than  a  condition  of  complete  weightlessness. 
The  negative  weight  variation  with  speed  is  shown 
in  Figure  6. 


Figure  6.  Negative  Apparent  Weight  in  Con¬ 
strained  Path  as  a  Function  of  Flight  Velocity 
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I.  GENERAL 

The  material  In  this  section  will  lie  con¬ 
cerned  with  the  operator  in  Stage  III  unless  it  is 
specifically  stated  otherwise.  The  proper  envi¬ 
ronment  for  the  pilot  of  Stage  I  can  be  provided 
and  maintained  much  more  readily  than  the 
proper  environment  in  Stage  III.  For  this  rea¬ 
son,  the  investigation  has  been  limited  chiefly 
to  a  study  of  the  problems  of  Stage  III. 

The  extreme  temperatures  resulting  from 
the  high  speeds,  and  the  lack  of  air  resulting 
from  the  high  altitude,  make  it  necessary  that 
the  entire  environment  for  the  Stage  III  pilot  be 
artificially  supplied  and  controlled.  This  envi- 
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ronment  must  consist  of  conditions  in  which  the 
pilot  can  exist  with  sufficient  comfort  to  accom¬ 
plish  the  necessary  functions.  In  this  weapon 
system  these  functions  must  combine  to  give 
the  manned  system  better  performance  and  re¬ 
liability  than  are  attainable  with  an  automatic 
system.  The  provision  of  this  environment  in¬ 
creases  weight  both  directly,  such  as  the  pilot's 
weight,  and  indirectly  such  as  the  increased 
structural  weight  required  for  the  loads  intro¬ 
duced  by  the  cabin  pressurization.  The  entire 
weight  of  pressurization,  refrigeration,  etc., 
cannot  be  charged  to  the  man,  since  an  automatic 
system  would  also  require  these  provisions. 
However,  any  Increased  capacity  of  these  sys¬ 
tems  must  be  charged  directly. 
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The  design  of  all  systems  used  In  connec¬ 
tion  with  the  environment  must  be  coordinated 
with  other  systems  performing  similar  func¬ 
tions  in  other  portions  of  the  airplane.  The 
systems  providing  the  greatest  possibilities  in 
this  respect  are  the  cooling  systems.  Cooling 
will  be  required  for  pilot,  equipment,  power 
plant,  and  possibly  structure.  As  many  of  these 
systems  should  be  combined  as  possible  in 
order  to  eliminate  duplication  of  equipment. 


2  ENVIRONMENTAL  REQUIREMENTS 


a.  Thermal 

The  thermal  environment  of  the  human 
Includes  consideration  of  the  following  para¬ 
meters  as  a  function  of  time:  cabin  wall  tem¬ 
perature,  solar  radiation,  pilot's  clothing,  and 
cabin  air  (velocity,  temperature,  pressure,  and 
humidity).  The  effects  of  these  parameters  have 
been  studied  and  correlated  in  Reference  2;  how¬ 
ever,  the  clothing  used  did  not  Include  a  ventila¬ 
ting  suit. 


A  typical  calculation  using  these  data 
indicates  that  a  man  wearing  a  light  summer  fly¬ 
ing  suit  would  be  capable  of  maximum  perform¬ 
ance  for  a  period  of  one  hour  under  the  following 
conditions:  cabin  pressure  5  psla,  vapor  pres¬ 
sure  0.6  inches  of  mercury,  cabin  air  velocity 
200  ft/min,  cabin  air  temperature  70°  F.  These 
conditions  were  selected  as  typical  of  those 
which  can  be  achieved  for  Stage  III  and  still  can 
be  tolerated  for  one  hour  (approximate  flight 
time  of  MX-2276.)  These  typical  conditions 
were  used  for  sample  calculations  of  systems 
requirements  as  will  be  discussed  later. 
Through  the  use  of  a  ventilating  suit,  it  is  pos¬ 
sible  that  conditions  more  extreme  than  these 
can  be  tolerated,  with  the  same  human  perform¬ 
ance  capabilities,  for  a  one-hour  period.  The 
ventilating  suit  is  still  In  the  process  of  deve¬ 
lopment  and  testing;  however,  it  will  be  incor¬ 
porated  in  the  study  as  soon  as  data  become 
available. 
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b.  Pressure  and  Composition 

The  pilot's  environment  will  be  satis¬ 
factory  from  a  physiological  standpoint  if  a  pres¬ 
sure  of  5  psia  is  supplied,  3  psi  partial  pressure 
of  oxygen  and  2  psi  partial  pressure  of  nitrogen. 
The  pressure  will  be  controlled  to  a  5  psi  dif¬ 
ferential.  However,  inasmuch  as  the  ambient 
pressure  is  of  the  order  of0.07psfat  the  begin¬ 
ning  of  cruise,  increasing  to  13.9  psf  at  the  end 
of  cruise,  for  all  practical  purposes  the  5  psi 
is  the  absolute  cabin  pressure.  Although  this 
value  is  appreciably  lower  than  normal  sea  level 
pressure  (14.7  psi)  or  the  minimum  presently 
allowed  in  bombers  (7.5  psi,  Reference  3),  it  is 
satisfactory  from  the  standpoint  of  physiological 
functions.  From  the  standpoint  of  explosive  de¬ 
compression,  the  lower  pressure  1b  much  more 
satisfactory  than  the  higher  pressures  mentioned 
above.  Tests  have  shown  that  normal  humans 
can  withstand  explosive  decompression  through 
5  psi  without  major  Injury.  In  contrast,  dogs 
have  lived  through  7.5  pbI  decompression  only 
with  expert  medical  care,  and  have  sustained 
permanent,  major  injuries. 

In  order  to  prevent  aeroembolism  at 
these  low  pressures,  the  human  would  be  re¬ 
quired  to  prebreath  100%  oxygen  for  about  two 
hours  prior  to  launch.  By  this  means,  enough 
of  the  nitrogen  dissolved  in  the  blood  stream 
will  be  eliminated  to  prevent  any  dissolution  at 
the  reduced  pressures.  Another  method  for 
eliminating  the  dissolved  nitrogen  consists  of 
prebreathing  a  helium-oxygen  atmosphere  since 
helium  is  not  soluble  In  the  blood.  However, 
this  system  remains  to  be  investigated. 

It  is  presently  planned  to  bleed  the 
cabin  atmosphere  at  a  steady  rate.  By  this 
means,  it  is  possible  to  eliminate  products  of 
respiration,  and  prevent  the  accumulation  of 
any  toxic  gases  either  from  equipment  or  from 
impurities  in  the  gas  supply. 

3.  METHODS  OP  MAINTAINING 
ENVIRONMENTAL  REQUIREMENTS 

a.  Thermal 

The  two  major  factors  to  be  controlled 
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in  the  thermal  environment  are  the  cabin  en¬ 
trance  air  temperature  and  the  cabin  wall  tem¬ 
perature.  If  a  stored  gas  atmosphere  Is  used 
(see  next  section),  the  cockpit  air  temperature 
can  easily  be  kept  to  low  values.  Such  an  at¬ 
mosphere  would  be  stored  either  under  pressure 
or  possibly  as  a  liquid.  In  either  event,  the 
temperature  after  expansion  to  5  pal  would  be 
very  low.  In  fact,  it  would  probably  be  neces¬ 
sary  to  provide  some  type  of  heat  exchanger  to 
warm  the  expanded  gas  to  the  desired  inlet  tem¬ 
perature  (since  these  temperatures  must  be 
above  freezing).  This  process  could  be  utilized 
in  one  of  the  several  cooling  systems  required. 

The  cabin  wall  temperature  is  a  more 
complicated  problem.  The  extremely  high 
boundary  layer  temperatures,  together  with  the 
high  potential  heat  fluxes  make  it  very  difficult 
to  maintain  the  wall  temperatures  at  tolerable 
values  (180-190°F).  Two  methods  of  maintain¬ 
ing  these  temperatures  appear  feasible: 


(1)  Insulation  of  the  cabin  walls. 

(2)  Circulation  of  the  coolant  through 
the  cabin  walls.  This  is  the  intrawall  cooling 
of  Reference  4. 


The  method  which  will  be  used  will  be 
a  combination  of  both  systems. 

In  order  to  Illustrate  these  methods,  the 
necessary  equations  will  be  shown  and  the  results 
of  a  sample  problem  will  be  presented.  In  this 
problem,  the  cabin  wall  is  considered  to  be  made 
up  of  two  layers  of  Insulation  separated  by  a  duct 
through  which  coolant  is  passed.  The  insulation 
may  also  have  skins  on  either  side  for  structural 
purposes.  The  small  thicknesses  and  high  con¬ 
ductivity  of  these  skins,  if  of  metal,  combine  to 
produce  a  very  small  temperature  gradient 
through  the  skins.  As  a  consequence  these  skins 
have  very  little  effect  on  the  heat  transfer  cha¬ 
racteristics  of  the  over-all  wall,  and  are  not  con¬ 
sidered  in  the  following  calculations.  Figure  7 
Illustrates  the  wall  as  it  appears  from  a  thermal 
standpoint,  and  T.ble  n  contains  the  nomencla¬ 
ture  used. 


Figure  ?.  Heat  Balance  Through  a  Cooled 
Cabin  Wall 

The  equations  used  in  the  analysis  are 
as  follows: 
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Inasmuch  as  the  problem  is  concerned 
hiefly  with  heat  flow  into  the  cabin,  the  external 
heating  conditions  are  not  included  in  detail. 
In  equation  (1),  which  contains  these  conditions, 
only  the  terms  for  heat  transfer  from  the 
boundary  layer  to  the  skin  and  radiation  from  the 
skin  to  the  atmosphere  are  included.  Other  terms 
representing  secondary  effects  such  as  atmos¬ 
pheric  and  solar  radiation  have  not  been  included. 


16 


Report  No.  D143-945-011 


SECRET 


SECRET 


TABLE  II.  NOMENCLATURE 
Cabin  Wall  Area  ~  sq  ft 

External  Heat  Transfer  Coefficient  ~  BTU/hr-sq  ft  -°F 
Effective  Boundary  Layer  Temperature  ~°R 
External  Wall  Temperature  ~°R 

Stefan- Boltzmann  Constant 
Emisslvlty 

BTU  In 

Thermal  Conductivity  of  Insulation ~  _°p 

Insulation  Thickness  ~  In. 

Cabin  Inlet  Air  Temp.  ~  °R 

Average  Cabin  Air  Temp.  ~  "R 

Cabin  Exit  AirTcmp.  =  Duct  Inlet  Air  Temp.  ~  “R 

Average  Duct  Air  Temp.  ~  “R 

Duct  Exit  Air  Temp.  ~  °R 

Duct  Wall  Temp.  Outside  Wall  ~UR 

Duct  Wall  Temp.  Inside  Wall  ~'JR 

Cabin  Wall  Temp.  ~l'R 

Heat  Transfer  Coefficient  of  Duct  Air  ~  BTU/hr-sq  ft  - 

Heat  Transfer  Coefficient  of  Cabin  Air  ~  BTU/hr-sq  ft 
Surface  Area  of  Pilot  ~  sq  ft 

Pilot  Surface  Temp,  ~  °R 

Temp,  of  Surface  of  Equipment  ~  °R 

Surface  Area  of  Equipment  ~  sq  ft 
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With  the  terms  used  it  is  possible  to  determine 
the  magnitude  of  the  heat  flow  into  the  wall,  and 
the  reduction  in  outside  wall  temperature  is  of 
particular  interest  from  structural  considera¬ 
tions. 


The  equations  shown  may  be  Interpreted 
as  follows: 


(1)  The  heat  convected  from  the 
boundary  layer  to  the  wall,  minus  the  heat  radi¬ 
ated  to  the  atmosphere,  Is  equal  to  the  heat  con¬ 
ducted  througli  the  outside  wall. 

(2)  The  heat  transferred  through  the 
outside  wall  is  equal  to  the  heat  convected  to  the 
coolant  plus  the  heat  radiated  across  the  coolant 
duct  to  the  opposite  wall. 

(3)  The  heat  convected  and  radiated 
from  the  outside  wall  of  the-  duct  is  equal  to  that 
conducted  through  the  inside  wall  plus  that  used 
in  heating  the  coolant. 

(4)  The  heat  convected  from  the  inside 
duct  wall  plus  the  heat  convected  from  the  out¬ 
side  duct  wall  Is  equal  to  the  heat  added  to  the 
coolant. 


(5)  The  heat  conducted  through  the  in¬ 
side  wall  is  equal  to  that  convected  to  the  cabin 
atr,  plus  that  radiated  to  (or  from)  the  pilot's 
body  and  the  equipment. 


(6)  The  heat  added  to  the  cabin  air  is 
equal  to  that  convected  from  the  wall,  plus  the 
heat  convected  from  the  pilot's  body,  plus  the 
heat  connected  from  the  equipment,  plus  the 
pilot's  metabolic  heat,  plus  the  instrument  heat 
load. 


(7)  The  average  cabin  air  temperature 
used  In  the  calculations  Is  the  arithmetic  aver¬ 
age  between  the  inlet  and  outlet  cabin  air  tem¬ 
perature. 


In  these  equations  the  heat  radiated  to 
and  from  the  coolant  In  the  duct  is  considered 
to  be  negligible. 

These  equations  do  not  lend  themselves 
to  a  closed  solution  because  of  the  4th  powers 
in  the  radiation  terms.  Therefore,  the  equations 
were  solved  on  a  trial  and  error  basis,  by  as¬ 
suming  various  coolant  temperatures.  For  the 
sample  problem,  the  following  values  were  as¬ 
sumed:  equivalent  boundary  layer  temperature 
23,620°R  (corresponding  to  M  =  16.4  at  200,000 
ft, one  of  the  worst  heating  conditions),  coolant 
air  flows  of  500  and  1000  lb/hr,  cabin  wall  area 
of  138  sq  ft,  cabin  inlet  air  temperature  35°F, 
and  cabin  wall  temperature  100° F. 

Figure  8  shows  the  results  of  these 
calculations  as  a  function  of  the  final  coolant 
air  temperature.  Several  interesting  results 
may  be  seen  from  the  figure.  First,  the  re¬ 
quired  thicknesses  of  insulation  inside  and  out¬ 
side  the  coolant  duct  vary  with  the  coolant  air 
temperature.  The  combined  thickness  becomes  a 
minimum  at  a  specific  coolant  temperature, 
which  provides  the  minimum  installation  weight. 


(8)  The  avorage  duct  temperature  used 
in  the  calculations  is  the  arithmetic  average  be¬ 
tween  the  inlet  and  outlet  duct  air  temperatures. 


Figure  8.  Insulation  Thickness  as  a  Function  of 
Final  Temperature  of  Coolant  Air  Using  Intra¬ 
wall  Cooling 
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Second,  considering  the  flight  is  of  one  hour  dura¬ 
tion,  the  total  weight  of  insulation  plus  coolant 
decreases  (at  the  minimum)  from  1117  lb  with 
1000  lb/hr  flow  to  743  lb  with  500  lb/hr  flow. 
For  comparison  with  these  numbers  the  amount 
of  insulation  required,  if  insulation  only  were 
used,  was  computed.  This  showed  a  total  of 
12.2  inches  or  841  lb  was  required.  Thus,  the 
use  of  a  stored  coolant  would  result  In  the 
lightest  over-all  system  for  keeping  the  wall 
temperature  down  to  the  desired  values.  The 
ducted  wall  also  requires  less  vehicle  frontal 
area,  inasmuch  as  twelve  Inches  Insulation  mean 
a  diameter  increase  of  two  feet  as  compared 
with  a  diameter  increase  of  six  or  Bevon  inches 
with  the  wall  ducts. 

The  foregoing  material  is  presented 
chiefly  to  show  the  method  of  analysis  and  at 
the  same  time  give  some  idea  of  the  magnitudes 
of  the  parameters  involved.  It  appears  that 
the  greatest  weight  savings  may  be  accomplished 
by  the  use  of  better  coolants.  One  of  the  most 
promising  coolants  Is  water.  The  higher  speci¬ 
fic  heat,  greater  density,  and  high  heat  of  vapo¬ 
rization  of  water  niaso  it  appear  moro  desirable 
than  air  as  a  coolant.  The  use  of  water  would 
entail  several  additional  problems,  however.  It 
will  require  a  separate  pumping  arrangement 
and  system,  whereas  the  air  system  could  be 
combined  with  the  air  system  used  for  cabin 
ventilation  and  cooling.  The  change  of  state 
of  the  water  will  also  Introduce  problems  of  vol¬ 
ume  and  heat  transfer  within  the  system.  Fur¬ 
ther  calculations  will  be  carried  out  when  the 
external  heating  conditions  are  more  firmly 
established. 

b.  Pressurization  and  Composition 

It  is  presently  planned  to  provide  the 
cabin  atmosphere  from  a  stored  gas,  either 
pressurized  or  liquified.  The  gas  will  consist 
of  a  mixture  of  oxygen  and  nitrogen  such  that 
when  expanded  to  5  psi  the  gas  will  be  com¬ 
posed  of  3  psi  oxygen  and  2  psi  nitrogen.  The 
liquified  gaBes  have  the  advantage  of  smaller 
stored  volume,  and  the  heat  required  l or  the 
change  oi  state  could  be  provided  advantageously 
by  some  of  the  portions  oi  the  vehicle  which  re¬ 
quire  cooling.  In  either  case  the  stored  atmos- 
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phere  would  be  under  extreme  pressures  thus 
making  It  relatively  easy  to  provide  the  desired 
environmental  pressure  of  5  psi. 

One  Bystem  which  has  many  advantages, 
provided  the  required  amount  of  gas  is  not  too 
large,  consists  of  circulating  the  gas  through  the 
cabin,  thence  through  the  cooling  ducts.  After 
passage  through  the  ducts  the  gases  are  ex¬ 
hausted  overboard.  This  system  would  provide 
breathing  oxygen,  circulation  about  the  pilot 
for  cooling  him,  a  bleed  for  noxious  or  toxic 
gases,  and  a  coolant  for  the  intrawall  system. 
However,  inasmuch  as  the  coolant  is  air,  the 
system  would  not  be  very  satisfactory  for  adap¬ 
tation  to  use  for  any  skin  cooling  which  may  be 
necessary. 

Previous  exper  ience  with  pressurized 
cabins  indicates  that  a  5  psi  cabin  pressure 
differential  can  be  maintained  with  a  small 
amount  of  leakage.  Techniques  and  seals  for 
accomplishing  this  have  already  been  developed. 
Any  leakage  which  does  occur  will  be  advanta¬ 
geous  since  a  certain  amount  of  atmosphere 
bleeding  is  required  anyway. 

The  amount  of  oxygen  required  for 
breathing  during  a  one-hour  flight  is  the 
order  oi  10  to  15  pounds.  This  amount  is 
relatively  small  compared  to  the  amounts  re¬ 
quired  for  circulation  and  bleeding.  If  the 
cabin  air  Is  circulated  through  the  walls,  the 
amount  used  for  breathing  will  be  a  very  small 
percentage  of  the  whole. 

The  pressurization  system  should  be 
regulated  to  reduce  the  cabin  pressure  at  a 
slower  rate  than  the  ambient  pressure  during 
boost.  This  feature  is  desirable  to  prevent 
aeroembolism.  However,  it  will  result  in 
cabin  pressure  differentials  of  more  than  5 
psi  over  a  short  period,  hence  higher  cabin 
structural  weight. 

c.  Accelerations 

The  launching  acceleration  program 
presently  contemplated  is  not  critical  as  far  as 
human  tolerance  Is  concerned.  This  program 
(Reference  1)  consists  of  a  sawtooth  program 
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with  a  maximum  of  4g  axial  loading.  It  is  not 
contemplated  that  the  pilot  will  be  rotated;  hence 
the  axial  accelerations  will  be  transverse  on 
the  human  (i.e.,  normal  to  the  chest).  In  this 
direction  these  loads  are  not  critical.  Sawtooth 
acceleration  patterns  of  similar  magnitude  and 
duration  have  been  run  with  human  subjects 
without  any  adverse  results.  If  desired,  when 
the  acceleration  program  is  definitely  known, 
the  exact  pattern  can  be  tested  using  human 
subjects  and  existing  facilities.  Although  none 
of  the  proposed  accelerations  will  be  of  suffi¬ 
cient  magnitude  to  require  the  use  of  a  g- 
suit,  it  is  proposed  that  this  feature  will  be 
Included  in  the  operator's  clothing. 

d.  Vision 

The  chief  reasons  for  providing  the 
pilot  with  the  capability  of  vision  outside  the 
aircraft  is  for  secondary  guidance  and  landing 
the  aircraft  after  completion  of  the  mission. 
It  is  doubtful  that  a  protruding  windshield  or 
canopy  could  be  constructed  which  could  With¬ 
stand  the  structural  loads  under  the  heating 
conditions  encountered.  In  addition,  the  installa¬ 
tion  of  either  of  these  would  place  a  drag 
penalty  and/or  an  additional  cockpit  heating  load 
(due  to  solar  radiation)  on  the  vehicle. 

The  use  of  a  periscope,  on  the  other 
hand,  almost  eliminates  these  problems ,  and  with 
the  proper  Installation,  provides  equal  or  better 
visibility.  The  present  concept  utilizes  an 
ocular  periscope  with  protruding  hemispherical 
domes  on  either  aide  of  the  nose  of  the  vehicle. 
This  would  provide  the  required  lateral  and 
downward  vision.  An  ocular  type  is  preferred 
since  it  makes  possible  a  greater  field  of  view 
than  is  attainable  with  a  projection  type.  How¬ 
ever,  the  use  of  an  ocular  type  requires  that 
the  helmet  visor  remain  open  in  order  that  the 
eye  can  be  placed  near  the  ocular.  If  the  field 
of  view  is  not  needed,  a  projection  type  would 
overcome  this  disadvantage,  although  if  the 
visor  is  closed  it  will  reduce  the  vision  to 
some  extent  also.  Additional  advantages  of  the 
projection  type  are  the  possibility  ol  looking  at 
both  the  radar  scope  and  the  visual  presentation 
with  less  eye  adaptation  time,  and  a  similar 
possibility  lor  scanning  other  instruments  in 
the  cockpit. 
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If  the  visual  system  is  to  be  UBed  for 
guidance,  even  secondary  guidance,  it  must 
have  the  capability  of  accurately  locating  a 
checkpoint  with  respect  to  the  location  com¬ 
puted  by  the  inertial  system.  If  the  projection 
type  is  used,  this  feature  may  be  included  by 
means  of  cursors  which  can  be  moved  over 
the  lace  of  the  projection.  If  an  ocular  is 
used  it  may  be  necessary  to  use  a  system 
which  can  be  scanned  manually,  with  cross¬ 
hairs  which  can  be  placed  on  the  checkpoint. 
The  location  of  these  cross-hairs  can  be  fed 
into  computers  for  calculation  of  the  check¬ 
point  location.  In  either  case  such  a  system 
must  be  integrated  with  the  radar  and  the 
inertial  system. 


c.  Emergency  Provisions 

The  emergency  provisions  are  a  major 
factor  in  the  over-all  weapon  system  design 
because  of  the  extremes  of  Bpeed,  altitude,  and 
range  of  the  flight.  Each  of  the  major  factors 
will  bo  treated  separately. 


(1)  Explosive  Decompression 

hi  order  to  reduce  the  dangers 
from  explosive  decompression,  the  pressure 
in  the  cabin  atmosphere  has  been  limited  to  a 
differential  of  5  psi.  As  previously  stated, 
normal  humans  can  and  have  withstood  ex¬ 
plosive  decompression  through  this  differential 
without  permanent  injury.  As  additional  pro¬ 
tection,  in  order  to  keep  such  decompression 
to  a  minimum,  a  partial  pressure  suit  will  be 
worn  by  the  pilot  at  all  times.  This  suit  will 
normally  remain  uninflated,  but  at  the  time  of 
decompression  it  will  inflate  automatically. 
This  suit  will  incorporate  a  helmet  and  supply 
of  gas  for  breathing  after  decompression.  If 
the  helmet  visor  is  to  remain  open,  it  must 
have  an  automatic  closure  device  which  will 
be  actuated  when  the  suit  is  pressurized. 
Although  a  total  pressure  suit  would  be  much 
better  from  a  physiological  standpoint,  it  re¬ 
stricts  the  human  operation  much  more  than 
the  partial  pressure  suit,  even  when  uninflated. 
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(2)  Emergency  Escape 

There  are  two  phases  of  the  emer¬ 
gency  escape  problem  whlchmust  be  considered: 
escape  during  the  boost  period,  and  escape 
during  cruise  at  high  speeds  and  high  altitudes. 
The  use  of  an  escape  capsule  Is  not  contem¬ 
plated  because  of  the  limited  advantages  to  be 
obtained  at  the  expense  of  large  weight  In¬ 
creases. 

During  the  boost  period,  the  ve¬ 
hicle  will  achieve  relatively  high  speeds  at 
lower  altitudes  with  the  result  that  an  ejected 
pilot  will  be  subjected  to  large  aerodynamic 
forces.  However,  the  boost  period  Is  of  the 
order  of  400  seconds  but  only  during  approxi¬ 
mately  100  seconds  of  this  time  does  the  dyna¬ 
mic  pressure  exceed  the  maximum  at  which 
ejections  have  been  safely  accomplished.  Since 
the  upper  limit  of  safe  ejection  has  not  yet 
been  established,  this  time  period  during  which 
ejection  is  not  sale  may  be  even  shorter.  If 
an  emergency  should  occur  during  this  period, 
the  pilot  should  stay  with  the  aircraft  until  the 
speed  is  reduced  to  a  value  where  ejection  may 
be  carried  out  in  safety. 

During  ihe  cruise  period,  the  ve¬ 
hicle  will  be  flying  at  extreme  speeds,  but  also 
extreme  altitudes,  with  the  result  that  the  dyna¬ 
mic  pressure  is  low  enough  that  ejection  can 
be  accomplished  safely.  However,  ejection  at 
these  speeds  and  altitudes  will  result  in  ex¬ 
tremely  long  trajectories  of  the  pilot  and  seat, 
and  consequently  long  periods  of  fall.  Although 
the  pilot's  clothing  will  include  a  partial  pres¬ 
sure  suit  and  a  supply  of  breathing  gas,  the 
proper  procedure  would  be  to  remain  with  the 
vehicle  until  more  satisfactory  speeds  and  alti¬ 
tudes  are  attained.  In  order  to  make  the  vehicle 
more  suitable  for  this  purpose  It  will  be  equip¬ 
ped  with  dive  flaps  or  similar  device,  the  fuel 
tanks  will  be  purged  with  an  Inert  gas,  and  pro¬ 


vision  will  be  made  for  inerting  the  cockpit  also. 

As  a  result  of  the  foregoing  consi¬ 
derations  It  has  tentatively  been  decided  to  use 
an  ejection  seat  in  the  airplane  and  to  utilize 
the  entirfe  Stage  III  as  an  escape  vehicle.  In  the 
event  ejection  is  required  at  extreme  speeds 
and  altitudes,  the  pilot  will  be  provided  with 
adequate  equipment  for  his  protection, 

f .  Pilot  Clothing 

The  pilot's  clothing  must  provide  four 
special  functions,  three  of  which  have  been  men¬ 
tioned: 

(1)  Partial  pressure  suit  -  for  emer¬ 
gencies  entailing  explosive  decompression. 

(2)  Ventilating  suit  -  for  cooling  the 
pilot  under  extreme  conditions.  ThlB  suit  is 
presently  under  development. 

(3)  Antl-g  suit -for  emergencies  invol¬ 
ving  high  g  maneuvers. 

(4)  Exposure  suit  -for  protection  of  the 
pilot  on  land  or  sea,  subsequent  to  emergency 
exit. 

The  latter  suit  must  be  capable  of  pro¬ 
tecting  the  pilot  in  tropic  or  arctic  regions  and 
if  he  should  descend  into  water.  Since  the  flights 
Involved  will  be  of  extremely  long  range,  a  single 
flight  may  traverse  all  of  the  above  regions,  and 
an  emergency  could  occur  over  any  one. 

Clothing  containing  all  of  the  above  fea¬ 
tures  has  been  developed  or  is  under  develop¬ 
ment.  Programs  are  presently  under  study  for 
the  combination  of  all  of  the  features  into  a  single 
garment  or  into  two  garments  which  can  be  worn 
concurrently. 
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I.  GENERAL 

During  the  first  half  of  the  present  study 
the  greater  portion  of  the  aerodynamic  effort 
has  been  concerned  with  investigations  of  a  basic 
nature  -  determining  the  apparent  aerodynamic 
problems  of  the  MX-2276  system,  finding  what 
is  known,  either  theoretically  or  experimentally, 
and  what  is  unknown  or  not  well  understood, 
Some  effort  was  also  expended  towards  develop¬ 
ing  or  refining  methods  ot  analysis  to  be  used  in 
the  study  of  MX-2276  performance,  heat  trans¬ 
fer,  stability,  etc. 

The  general  approach  to  the  aerodynamic 
study  is  discussed  here,  and  following  this  intro¬ 
duction  the  findings  thus  far  from  the  specific 
subject  studies  are  discussed.  Finally,  plans 
for  the  next  portion  of  the  study  arc  outlined 
briefly. 

a.  The  Flight  Plan 

In  order  to  plan  a  program  for  the  inves¬ 
tigation  of  the  basic  problems  and  to  hold  the 
present  investigation  to  applicable  cases,  it  was 
first  necessary  to  define  the  flight  conditions 
under  which  it  is  expected  that  the  MX-2276  sys¬ 
tem  will  operate.  For  this  purpose  it  was  felt 
that  the  original  flight  path  (Reference  1)  would 
be  sufficient  even  though  it  might  be  modified  by 
future  optimization  studies.  Figure  9  shows  the 
flight  path  altitude  and  velocity  and  the  flight 
times  for  the  various  portions  of  the  flight.  The 
dynamic  pressure,  q,  a  measure  of  the  aerodyna¬ 
mic  forces  involved  during  the  flight,  is  plotted 
on  Figure  10.  It  will  be  noted  that  the  q  at  the 
high  Mach  number,  high  altitude  portion  of  flight 
is  very  small  -  not  enough  to  support  the  air¬ 
craft  if  it  were  not  for  the  reduction  of  effective 
gravity  due  to  centrifugal  force. 
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MACH  NUMBER  OF  OLlDC 

Figure  9.  Flight  Path:  Altitude  vs  Velocity 


To  provide  further  perspective,  several 
flight  llmPs  of  Interest  have  been  plotted  with 
the  flight  path  on  Figure  11.  It  Is  reasoned  that 
the  very  low  static  wing  loading  of  (W/S)0  =  10 
psf  at  the  high  hypersonic  lift  coefficient  of  Cl,  ;= 
0.20  defines  an  upper  altitude  limit  tor  level 
flight  (and  for  maximum  L/D  glide).  The  effec¬ 
tive  reduction  of  gravity  g/g0,  due  to  the  centrif¬ 
ugal  forces  involved  in  flying  a  circular  path 
about  the  earth's  center  and  due  to  the  decrease 
in  gravity  with  altitude,  Is  included  in  this  limit 
curve.  The  satellite  limit  is  that  where  the  ef¬ 
fective  gravity  is  zero  and  no  lift  is  required. 
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Figure  10.  Dynamic  Pressure  vs  Mach  Number 


I 

I 
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Figure  11.  Flight  Limits 
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It  is  seen  that  the  ascent  of  the  MX-2276,  which 
is  more  of  a  nonlifting  ballistic  trajectory, 
crosses  over  the  level  flight  limit  while  the 
glide,  as  would  be  expected,  is  under  it.  The 
curve  of  1600° F  wall  temperature  illustrates 
a  thermal  limit  with  respect  to  the  flight  path. 

If  1600° F  were  the  upper  limit  allowed  for  the 
configuration  noted,  flight  would  have  to  be  above 
the  curve  (as  it  is  for  the  present  flight  path)  or 
cooling  would  be  necessary.  For  the  glide  phase 
this  thermal  limit  also  implies  restrictions  on 
wing  loading  and  lift  coefficient. 

b.  Literature  Survey  and  Visits 

From  the  flight  path  discussed  in  the 
above  paragraphs,  it  is  apparent  that  the  MX- 
2276  vehicle  will  be  operating  in  regionB  of  flight 
for  which  there  is  little  or  no  past  experience 
to  rely  upon,  and  for  which  theoretical  and  ex¬ 
perimental  investigations  are  only  Just  beginning 
to  produce  useful  results.  For  this  reason,  the 
first  step  in  the  program  was  to  set  up  as  com¬ 
plete  as  possible  a  bibliography  of  all  information 
pertaining  to  hypersonic  and  high-altitude  flight, 
and  to  insure  the  maintenance  of  suchaflle.  Ac¬ 
cordingly,  a  systematic  search  of  the  publica¬ 
tions  of  government,  military  and  university  re¬ 
search  and  development  facilities,  of  military 
contractors,  and  of  all  pertinent  scientific  perio¬ 
dicals  was  made  to  obtain  references  to  all  liter¬ 
ature  applicable  to  our  work. 

The  fields  of  interest  In  this  search 
necessarily  encompassed  many  areas  of  funda¬ 
mental  physics  and  chemistry,  such  as  those  con¬ 
cerned  with  dissociation  and  ionization  at  high 
temperatures,  real  gas  effects  in  the  equation  of 
state  for  air,  emissivities  of  gases,  etc.,  as  well 
as  the  more  obvious  subjects  of  supersonic  and 
hypersonic  flow,  boundary  layer  theory  and  ex¬ 
periment,  flight  mechanics,  etc.  Experience 
gained  during  the  previous  study  of  hypersonic 
aircraft  leading  to  the  proposal  of  Reference  I 
as  well  as  continued  interest  in  the  field  since 
then,  served  as  a  guide  in  this  search.  It  may 
be  of  interest  to  note  that  more  than  2000  per¬ 
tinent  references  have  been  recorded  to  date. 

A  listing  of  all  research  facilities  and  of 
leading  workers  in  various  aspects  of  the  field 
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was  also  started,  in  order  to  obtain  cognizance 
of  sources  of  information  bearing  on  hypersonic, 
high  altitude  flight. 

A  series  of  trips  to  various  research 
and  industrial  facilities  has  been  made  to  dis¬ 
cuss  the  pertinent  problems  within  the  fields  of 
Interest  previously  mentioned,  and  to  examine 
facilities  available. 

c.  Flight  Mechanics 

The  study  of  the  aerodynamic  aspects 
of  the  MX-2276  was  organized  essentially  in  two 
parts  which  have  been  carried  out  concurrently. 

One  line  of  investigation  concerns  the 
problems  of  flight  mechanics  proper.  In  order 
to  provide  an  accurate  basis  for  the  determina¬ 
tion  of  the  performance  and  stability  of  a  long 
range  hypersonic  aircraft,  it  is  necessary  to 
start  from  equations  of  motion  which  include  all 
the  forces  acting  on  a  body  moving  in  space. 
These  equations  have  boon  derived  and  are  pre¬ 
sented  and  discussed  in  a  later  section  of  this 
report.  They  are  given  in  a  convenient  and  use¬ 
ful  form;  namely,  one  which  expresses  motion 
relative  to  an  observer  fixed  on  the  surface  of 
the  earth  as  caused  by  forces  acting  along  the 
standard  aircraft  axos. 

The  next  step,  which  is  under  way,  is 
to  simplify  these  equations  for  practical  appli¬ 
cation  by  considering  the  relative  weight  of  all 
terms  for  the  range  of  variation  of  the  pertinent 
aerodynamic  parameters.  In  this  way,  the  ac¬ 
curacy  involved  in  any  approximation  of  the 
complete  equations  can  be  controlled  and  evalu¬ 
ated.  When  a  sufficiently  accurate  reduced  ver¬ 
sion  of  the  complete  equations  is  obtained,  the 
accuracy  of  the  original  preliminary  perform¬ 
ance  calculations  (Reference  1)  which  were  based 
on  the  standard,  simplified  flight  equations,  will 
be  evaluated. 

d.  Aerodynamic  Parameters 

The  second  group  of  investigations,  on 
which  the  larger  effort  has  been  expended,  is 
directed  at  providing  methods  of  known  accuracy 
for  the  computation  of  aerodynamic  perform¬ 
ance,  stability,  and  heating  parameters,  and  at 


indicating  qualitatively  and  quantitatively  pos¬ 
sible  ways  of  controlling  these  parameters.  The 
investigations  in  this  group  are  of  two  types. 

The  first  class  of  investigations  encom¬ 
passes  those  of  a  more  fundamental  nature  and 
is  concerned  essentially  with  the  basic  concepts 
of  flow  phenomena  which  form  the  foundation  for 
aerodynamic  methods  for  analyzing  hypersonic 
aircraft.  Included  in  thiB  category  are  the  fol¬ 
lowing  studies  where  work  has  progressed  suf¬ 
ficiently  far  to  be  reported  herein. 

(1)  A  primary  study,  prerequisite  for 
any  accurate  analysis  of  flow  at  hypersonic 
speeds,  is  one  of  the  behavior  and  properties 
(viscosity,  heat  conductivity,  specific  heat, etc.) 
of  air  in  the  wiioie  range  of  temperature,  pres¬ 
sure,  and  density  of  interest.  Even  at  low  super¬ 
sonic  speeds  the  actual  variation  of  these  pro¬ 
perties  is  significant  in  boundary  layer  analyses, 
while  at  high  Mach  numbers,  the  effect  of  vari¬ 
able  specific  heat,  dissociation,  and  ionization 
must  also  be  taken  into  account  in  developing  the 
tables  of  shock  flow  and  Isentropic  flow  which 
are  basic  to  the  calculation  of  pressure  and 
temperature  distributions. 

(2)  An  analysis  of  the  flow  pattern  about 
a  flat  plate  flying  in  the  range  of  speeds  and  alti¬ 
tudes  associated  with  MX-2270  was  made  to  deli¬ 
neate  the  various  flow  regions,  and  to  indicate 
what  flow  patterns  can  be  assumed  and  what 
fundamental  equations  will  adequately  and  con¬ 
sistently  represent  the  physical  problem  in  each 
region.  This  is  the  necessary  basic  step  in 
evaluating  the  limit  of  applicability  of  various 
aerodynamic  theories  and  methods.  This  ana¬ 
lysis  also  indicates  specifically  where  new 
theory  and  experiments  are  required. 

(3)  Some  basic  investigations  of  aero¬ 
dynamic  phenomena  which  will  be  encountered 
at  Mach  numbers  above  about  10  are  underway. 
These  are  concerned  with  the  possibility  of 
erosion  of  the  solid  surface  by  the  air  in  high 
speed  flow,  the  effect  of  dissociation  in  the 
mechanism  and  the  magnitude  of  aerodynamic 
heating,  and  the  possibility  of  heat  radiation 
from  a  hot  boundary  layer  into  a  solid  surface. 
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The  second  class  ol  investigations  is 
concerned  with  obtaining  and  evaluating  methods 
of  analysis  for  immediate  use  In  the  flight 
regimes  where  an  adequate  theoretical  and  ex¬ 
perimental  basis  for  such  methods  exist,  l.e., 
where  the  flow  phenomena  and  all  influencing 
factors  are  reasonably  well  known  and  under¬ 
stood.  At  present,  this  is  restricted  to  continuum 
flow  under  conditions  where  the  flow  pattern  is 
essentially  separable  into  inviscid  and  viscous 
regions  with  no  slip  conditions  in  the  viscous 
regions  and  negligible  interaction  between  the 
two  regions,  and  for  maximum  temperatures 
below  that  for  significant  dissociation  of  the  air. 
The  work  to  date  in  this  category  includes  me¬ 
thods  for  determining  skin  friction;  methodsfor 
determining  heat  transfer  coefficients;  studies 
of  boundary  layer  transition  and  transpiration 
cooling;  a  compilation  and  review  of  currently 
available  test  data  fur  the  L/D  of  body  and 
wing  section  shapes;  and  a  study  and  compari¬ 
son  of  methods  for  obtaining  the  aerodynamic 
characteristics  of  wing  sections  at  hypersonic 
speeds. 


1.  FLIGHT  MECHANICS 

In  order  to  conduct  a  detailed  study  of  the 
problems  involved  In  hypersonic  flight,  It  is  es¬ 
sential  to  both  performance  and  stability  ana¬ 
lyses  that  the  equations  which  are  employed  ac¬ 
curately  describe  the  motion  of  the  vehicle. 

Previously,  the  equations  of  linear  motion 
for  an  aircraft  had  been  simplified  to  a  great 
extent  by  neglecting  terms  which  were  small  In 
magnitude  mostly  due  to  relatively  small  flight 
velocities.  The  effects  of  centrifugal  and  Cori¬ 
olis  accelerations,  gravity  variations  with  alti¬ 
tude  and  earth  orientation,  and  the  earth's  rota¬ 
tion  were  neglected  compared  with  those  of  lift, 
drag,  thrust,  and  weight  of  the  aircraft.  There¬ 
fore,  the  apparent,  i.e,,  relative,  motions  of  the 
aircraft  seen  by  an  earth  fixed  observer  could 
be  calculated  using  the  following  familiar  equa¬ 
tions: 


T  cos  v-  D  -  W  sinX=  m“f-  (la) 

T  sin  v  +  L  -  W  cos  X  =  m  (^)  (^)  (lb) 

where:  m  is  the  mass  of  the  aircraft 

W  is  the  weight  of  the  aircraft 

T  is  the  thrust 

L  is  the  aerodynamic  lift 

D  is  ,<e  aerodynamic  drag 

x  is  the  linear  displacement  of  the  air¬ 
craft  in  the  flight  direction 

Y  is  the  angle  between  the  flight  direc¬ 
tion  and  the  horizontal 

v  is  the  angle  between  the  thrust  line 
and  the  flight  direction 

Herein,  the  complete  equations  of  linear 
motion  are  derived  so  as  to  Include  most  all  the 
effects  not  found  In  Equation  (1).  Since  the  in¬ 
clusion  of  all  the  forces  acting  on  a  body  moving 
In  space  obviously  results  in  highly  complex  ex¬ 
pressions,  the  effects  of  making  certain  simpli¬ 
fying  assumptions  has  been  investigated  (Refer¬ 
ence  5).  It  was  found  that  the  gravitational  at¬ 
traction  of  both  the  sun  and  the  moon, and  hence 
more  distant  heavenly  bodies ,  could  be  neglected. 
It  was  further  found  that  the  Inertial  axis  system 
(l.e.,  that  axis  system  which  is  usually  con¬ 
sidered  fixed  In  space  at  the  center  of  the  sun 
and  to  which  absolute  accelerations  and  veloci¬ 
ties  are  referred  by  Newton's  law ,£f  =-jL-  (mV) 
could  be  asstfmed  fixed  In  space  and  located  at  the 
center  of  the  earth.  In  the  derivation  of  the 
"complete"  equations  of  motion  of  this  report 
the  above  simplifying  assumptions  are  made 
along  with  the  additional  assumption  that  the 
rotation  of  the  earth  about  its  axis  Is  constant. 

As  the  equations  of  motion  can  be  derived 
so  that  the  motions  are  relative  to  any  arbitrary 
axis  system,  special  c  isideration  must  be 
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given  to  the  choice  of  an  axis  system  which 
proves  most  convenient  and  useful.  Since,  in 
this  case,  it  is  of  primary  interest  to  determine 
aircraft  range  relative  to  the  earth,  the  equa¬ 
tions  of  motion  are  derived  to  yield  displace¬ 
ments  relative  to  an  observer  fixed  on  the 
earth's  surface  as  caused  by  forces  acting  along 
well-known  aircraft  axes. 

The  detailed  derivation  and  the  results 
are  presented  in  the  Appendix.  The  equations  of 
linear  motion  are  now  available  in  their  most 
complete  form,  and  It  is  possible,  by  using  one 
of  several  methods,  to  calculate  the  flight  path 
relative  to  the  earth  of  an  aircraft  flying  in 
any  direction  at  any  latitude.  However,  as 
shown,  the  equations  of  linear  motion  are  ex¬ 
tremely  complex  for  the  general  case.  The 
possibility  of  neglecting  terms  and  making 
simplifying  assumptions  will  have  to  be  in¬ 
vestigated  so  that  the  amount  of  labor  and  time 
to  calculate  fairly  accurate  flight  paths  may 
be  reduced. 

Similar  equations  are  presently  being 
developed  to  express  the  angular  motions  of  the 
aircraft  relative  to  the  earth.  The  complete 
set  of  equations,  expressing  linear  and  angular 
motion,  will  then  form  tho  basis  from  which  the 
stability  and  control  characteristics  of  a  hyper¬ 
sonic  vehicle  may  be  investigated. 

3.  AERODYNAMIC  PARAMETERS 

a.  Properties  of  Air:  Flow  Tables 

An  accurate  knowledge  of  the  physical 
properties  of  air  at  high  temperatures  (up  to 
about  10,000°R)  is  a  prerequisite  for  accurate 
analyses  of  high  speed  boundary  layer  or  shock 
flows.  Because  of  the  complexity  and  experi¬ 
mentally  unverified  assumptions  Involved  in 
computing  these  data,  the  field  is  still  in  a 
state  of  development  and  hence  no  authoritative 
source  for  such  data  exists.  The  aerodyna- 
micist  interested  In  flow  problems  involving 
high  temperatures  is  thus  forced  to  search  the 
literature  for  information  on  the  thermodynamic 
properties  of  air  and  also  to  evaluate  this 
information  to  some  extent  and  even  to  compute 
basic  tables. 


The  usual  gasdynamlc  tables  for  air 
which  give  the  relations  between  state  param¬ 
eters  before  and  behind  normal  or  oblique 
shocks  and  which  relate  the  state  parameters 
in  iBentroplc  flow  (cf  e.g.,  Reference  29)  are 
based  on  the  assumptions  that  air  Is  an  ideal 
gas  with  constant  specific  heat.  While  the 
specific  heat  of  air  Is  nearly  constant  below 
80Q°R,  It  Increases  rapidly  for  higher  tempera¬ 
tures;  furthermore,  as  shock  strength  increases 
with  Mach  number,  the  densities  produced  by 
shocks  at  hypersonic  speeds  are  sufficiently  high 
so  that  the  behavior  of  the  air  deviates  appre¬ 
ciably  from  that  of  an  ideal  gas.  A  program 
to  compute  tables  of  flow  parameters  for  shock 
flow  and  isentroplc  flow,  incorporating  the 
effects  of  van  der  Waal's  forces  and  variable 
specific  heat  for  the  range  of  temperatures  at 
which  dissociation  is  considered  to  be  neg¬ 
ligible,  was  under  way  at  Bell  Aircraft  before 
tne  start  of  the  MX-2276  study  contract;  these 
calculations  have  been  completed  and  tables 
are  being  issued  (Reference  92).  A  similar  set 
of  tables  is  contained  in  the  Handbook  of 
Supersonic  Aerodynamics,  Vol.  5  (Reference 
59).  However,  the  Bell  Aircraft  tables  are 
more  complete,  l.e.,  they  cover  the  whole 
range  of  altitude  and  Mach  numbers  corres¬ 
ponding  to  practical  hypersonic  flight  condi¬ 
tions  and,  furthermore,  they  are  presented  in 
a  form  convenient  for  rapid  practical  use. 

The  above-mentioned  shock  flow  tables 
were  used  for  some  sample  calculations,  as¬ 
suming  100,000  ft  altitude,  to  compare  shock 
flow  in  an  ideal  air  with  shock  flow  In  "Real" 
air  taking  Into  account  variable  specific  heats 
and  real  gas  effects.  The  results  are  shown  in 
Figures  12  to  14,  where  the  subscripts  1  and  2 
denote  qualities  before  and  behind  a  shock, 
respectively.  It  is  seen  that  at  this  altitude 
ideal  gas  flow  predicts  the  pressure  ratios 
behind  shock  quite  closely  even  at  a  Mach 
number  of  25,  but  that  It  overestimates  the  tem¬ 
perature  ratio  at  this  Mach  number  by  10%. 

The  effect  of  dissociation  on  the  com¬ 
position  of  air  and  on  the  values  of  the  thermo¬ 
dynamic  parameters  Is  required  for  some  boun¬ 
dary  layer  studies  and  as  a  prerequisite  for 
extension  of  the  flow  tables  to  the  dissociation 


28 


Report  No.  D143-945-011 


SECRET 


SECRET 


MICE  r*l.»M  Mt|,M  (Ml 


Figure  12.  Wedge  Mach  Number  vs  Free 
Stream  Mach  Number 

range  of  temperature.  Previous  tables  of 
Hirechfelder  and  Curtiss,  Reference  91,  were 
based  on  a  value  of  7.54  electron-volts  for  the 
dissociation  energy  of  nltroge  ,  which  is  now 
generally  regarded  as  Incorrect.  At  the  present 
time  there  exist  no  accurate  tables  of  the 
composition  of  air  at  temperatures  above 
5400°R,  Sources  which  may  be  calculating  such 
tables  are  being  checked. 

An  analysis  was  made  of  the  theory 
underlying  shock  flow  and  isentropic  flow  in 
the  dissociation  range  of  temperature,  and  a 
procedure  for  calculating  flow  tables  (using  IBM 
equipment)  was  developed.  Actual  programming 
and  carrying  out  oi  these  extensive  calculations 
await  accurate  tables  for  the  composition  of 
air  considering  dissociation  effects. 

b.  Study  of  the  Realms  and  Boundaries  of 

Fluid  Flow 

In  1946,  Tslen  (Reference  9)  suggested 
a  set  of  criteria  which  roughly  divided  fluid 
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Figure  14.  Static  Temperature  Ratio 
vs  Mach  Number 


SECRET 


27 


SECRET 


CORPORATION 


mechanics  into  several  now  familiar  "realms" 
determined  by  the  Mach  number  and  Reynolds 
number  of  the  flow.  Essentially  he  defined  the 
gasdynamic  region,  the  slip  flow  region,  and  the 
molecular  flow  region.  The  nature  of  the  flow 
phenomena  and  the  form  of  the  appropriate 
equations  and  boundary  condition  governing  the 
flow  is  the  same  within  a  given  region  but  is 
considerably  different  between  the  regions.  The 
aim  of  the  present  study  was  to  delineate  more 
completely  the  various  flow  patterns  and  flow 
regions  which  would  be  encountered  in  hyper¬ 
sonic  flight  and  to  indicate  in  each  region  the 
fundamental  equations  and  boundary  conditions 
which  must  be  considered  in  order  to  consistently 
and  adequately  represent  the  physical  situation. 


Nomenclature 

a  velocity  of  sound 

c  mean  molecular  speed 

M  Mach  number 

p  pressure 

Pr  Prandtl  number 

R  Universal  gas  constant 

Ro  Reynolds  number 

x,y  coordinates  along  and  perpen¬ 
dicular  to  surface,  respectively 

y  Ratio  of  specific  heats 

8  boundary  layer  thickness 

X  mean  free  path 

H  viscosity 

v  kinematic  viscosity 

P  density 


Subscripts 
c  compressible 

i  incompressible 

w  wall 
co  free  stream 


In  the  following,  our  interest  is  re¬ 
stricted  to  the  Reynolds  numbers  encountered 
in  flight,  namely  Re  »  1,  and  to  the  continuum 
and  slip  flow  regions. 

Tsien  defined  the  boundary  between 
continuum  and  slip  flow  by  the  condition. 

=  0.01  (1.1) 

That  is,  he  arbitrarily  assumed  that  slip  effects 
would  start  to  be  significant  at  a  point  in  the 
boundary  layer  when  the  ratio  oi  mean  free 
path  to  local  boundary  layer  thickness  was  1/100. 
To  translate  this  criterion  into  terms  of  M  and 
Re,  he  took  g « X//Re ,  and  then  Xwv/afrom 
simple  kinetic  theory.  Hence 

X  uvfio  X  _  M 

8  a  *  V  "yite 

so  that  condition  (1.1)  becomes 


M 

yue 


0.01 


This  boundary  is  shown  in  Figure  15. 


U.2) 


Tsien,  then,  essentially  estimated  his 
boundary  layer  thickness  from  incompressible 
theory  (Blasius'  solution  for  incompressible 
5  2x 

flow  is  g  =  -^e~),  and  in  application  took  X  as 

the  free  stream  value.  He  neglected  the 
numerical  constants  In  the  expression  for  S  and 


X  (X 


1.485  — )  probably  because  of  the  ar¬ 


bitrary  definition  of  the  slip  boundary  as 

---=  0.01.  If  these  numerical  constants  are 

0 
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Figure  15.  Realms  and  Boundaries  of  Fluid  Flow 


taken  into  account,  the  criterion  (1.1)  becomes 


A  number  of  other  Investigators, 
Schultz, et  al  (Reference  10),  Donaldson  (Refer¬ 
ence  11),  Roberts  (Reference  12),  have  also 
suggested  criteria  to  define  the  realms  of 
fluid  mechanics;  these  have  been  compared  by 
Siegel  in  Reference  13.  Essentially  these 
criteria  differ  from  Tsien's  In  the  value  chosen 

for  the  physical  ratios  "g"  assumed  to  define  the 

slip  region,  but  are  similar  in  that  the  boundary 
layer  thickness  is  estimated  from  incompres¬ 
sible  theory.  The  criteria  of  Reference  10  and 
11  are  essentially  equivalent  and  reduce  to 
the  assumption  that 


I  ■ 

for  the  slip  boundary,  i.e.,  that 

Js  ■  »•» 

when  numerical  constants  in  the  expressions 
for  8  and  X  are  employed.  The  difference  be¬ 
tween  the  criteria  of  Equations  (1.1)  and  (1.3) 
is  essentially  due  to  the  arbitrary  definition  of 
the  value  of  X/8  where  slip  effects  would  be 
expected  to  be  significant.  Which  definition  is 
more  approximate  is  a  question  to  be  determined 
by  experiment.  It  must  be  remembered,  further- 

M 

more,  that  both  criteria  in  the  form  ofy=  are 

dependent  on  the  assumptions  made  for  the 
boundary  layer  thickness. 


Report  No.  D143- 945-011 


SECRET 


29 


SECRET 


BEL  1 


CORPORATION 


Mlrels'  approach  (Reference  14)  to  the 
definition  of  a  boundary  between  slip  and  con¬ 
tinuum  flow  was  different  from  that  outlined 
above,  He  first  solved  the  Rayleigh  problem 
for  a  compressible  viscous  gas,  subject  to 
slip  at  the  wall.  He  then  used  this  solution  to 
obtain  an  estimate  of  skin  friction  on  a  semi- 
intinlte  flat  plate  under  slip  conditions,  by 
relating  time  in  the  Rayleigh  problem  to  dis¬ 
tance  downstream  of  the  plate  leading  edge. 
The  transformation  from  time  to  distance  was 
chosen  to  yield  an  expression  for  skin  friction 
which  is  in  agreement  In  the  continuum  no-slip 
region  with  the  known  Chapman-Rubesln  solu¬ 
tion  for  compressible  boundary  layer  on  a  flat 
plate.  This  transformation  is  thus  proven 
valid  only  for  low  supersonic  Mach  numbers. 
Assuming  slip  to  be  significant  in  the  region 
where  the  skin  friction  computed  by  the  above- 
mentioned  slip  analysis  differs  from  that  ob¬ 
tained  by  a  continuum  analysis  by  5%  or  more, 
a  criterion  for  this  boundary  can  be  expressed 
in  the  form 

yfe  .  0.065  «•«> 

This  boundary  is  also  plotted  in  Figure  15, 
While  Mirols'  analysis  does  take  into  account 
the  compressible  nature  of  the  boundary  layer 
flow,  it  is  probably  not  consistent  at  the  high 
Mach  numbers,  say  for  M  >  5. 

As  a  first  step  in  deriving  a  more 
complete  and  realistic  delineation  of  the  realms 
of  fluid  mechanics,  an  analysis  following  Tsien's 
was  carried  out,  taking  into  account  the  com¬ 
pressible  nature  of  the  boundary  layer  which  is 
manifested  by  a  thickening  of  the  boundary 
layer  with  Mach  number  (for  constant  Re)  and 
variation  of  the  mean  free  path  X  through  the 
boundary  layer  because  of  the  temperature 
variation. 

An  approximate  expression  given  by 
Howarth  for  the  boundary  layer  thickness  on 
an  insulated  plate,  assuming  Pr  =  1,  namely 

8C  “  St  (1  +  0.08M2}  (1.5) 

is  used  in  the  following  analysis  for  simplicity. 
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The  expression  (1.5)  for  8  is  compared  with 
the  results  of  the  more  exact  theory  of  Crocco 
and  an  approximate  theory  of  Young  in  Figure 
16,  and  is  seen  to  give  the  correct  trend  of 
boundary  layer  thickening  with  Mach  number. 


If  ACM  MUM  VIM 


Figure  16.  Boundary  Layer  Thickness  vs 
Mach  Number  for  a  Flat  Plate 


With  this  8  ,  and  taking  the  significant 
value  of  X  for  slip  as  that  at  the  wall,  the  ratio 
of  X/8  can  be  expressed  as 


In  the  above,  Xw  is  obtained  from  elementary 
kinetic  theory  as  follows: 

X  =  1.485  —  =  1.485  ~~ 
a  p  a 

1.485  ft  J_ 

■yyi"  yr  p 

and  /j.  =  const.  V-'T  ; 
thus  X  =  const. 
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With  the  usual  assumptions  of  ideal  gas  and 
pressure  constant  across  the  boundary  layer, 

fjL  _  To 

~P  co  Tw 
and  thus.X  w  =<^5 

As  has  been  shown  above 


and  assuming  a  practical  value  of  Tw  =  ST®, 
then  Eq.  (1.6)  becomes 

"87  0,^e‘  (1  +  0.08M^j"  <1,7) 

Now,  using  the  same  basic  definition  as  Tsicn 
for  the  slip  boundary,  namely  X  w  =  0.01,  we 
obtain  the  slip  boundary  as  8c 

(1+  0.08M2)  yH?”0'0121 

this  boundary  is  plotted  in  Figure  15.  Also 
shown  is  the  slip  boundary  defined byg^  =  0.05, 
to  compare  with  the  criteria  of  Shultz, et  al. 

The  results  of  elementary  considera¬ 
tions  of  the  boundary  between  continuum  and 
slip  flow  are  summarized  in  Figure  15.  Pre¬ 
vious  analyses,  Mlrels’  excepted,  which  set  the 
condition  for  the  slip  boundary  variously  as 

■—=  0.01  and  -jr-  =  0.05,  did  not  take  into 
o  o 

account  the  compressible  nature  of  the  boundary 
layer  in  translating  this  physical  condition  for 
the  boundary  into  the  more  useful  condition  in 
terms  of  M  and  Re.  The  validity  of  Mirels’ 
analysis  for  the  higher  M  is  doubtful.  The 
present  analysis  accounts  in  an  approximate 
way  for  the  thickening  of  the  boundary  layer 
with  increasing  Mach  number,  and  the  practical 
effect  of  aerodynamic  heating  in  raising  the 
temperature  of  a  plate  in  hypersonic  flow  and 
hence  Increasing  the  mean  free  path  In  the 
flow  adjacent  to  the  plate.  It  is  seen  that  for  an 
assumed  physical  condition,  for  the  magnitude 


of  -g-  where  slip  effects  might  be  considered  as 

significant,  the  previous  analyses  give  a  much 
more  conservative  boundary  in  the  M  -  Re 
plane  than  the  more  practical  analysis  con¬ 
sidered  herein.  As  an  indication  of  the  regions 
of  interest  to  MX-2276,  the  path  of  a  point  1  ft. 
back  from  the  leading  edge  of  a  flat  plate  fol¬ 
lowing  the  flight  path  of  Figure  9  is  plotted  in 
Figure  15. 

The  next  step  in  building  up  a  precise 
delineation  of  the  realms  of  fluid  mechan.cs 
was  to  consider  the  effect  of  bow  shock  wave¬ 
boundary  layer  interaction.  The  usual  picture 
of  the  flow  pattern  over  a  flat  plate  at  zero 
angle  of  attack  is  shown  in  Figure  17.  It  con¬ 
sists  of  a  narrow  boundary  layer  region  adjacent 
to  the  plate  where  the  viscosity  of  the  fluid  is 
manifested,  and  a  larger  region  outside  of  this 
layer  where  the  flow  can  be  considered  as 
essentially  inviscid.  The  shock  wave  is  formed 
because  of  Btreamlines  of  the  inviscid  outBide 
flow  are  deflected  by  this  boundary  layer,  i.e., 
the  inviscid  flow  actually  "Bees''  a  nearly  para¬ 
bolic  section  corresponding  to  the  boundary 
layer  displacement  thickness  rather  than  the 
flat  plate.  This  "induced"  shock  and  the  flow 
behind  it  cause  a  pressure  gradient  along  the 
plate.  For  the  usual  supersonic  flow  condition 
of  low  Mach  number  and  high  Re,  the  boundary 
layer  is  sufficiently  thin  so  that  the  "induced" 
shock  is  weak  and  its  effect  on  pressure  over 
the  plate  negligible.  In  this  case  the  flow  is 
analyzed  In  two  parts;  the  inviscid  flow  over 
the  flat  plate  (or,  in  general,  a  body  shape) 
ignoring  the  boundary  layer,  and  the  boundary 
layer  on  the  plate  (or  general  body)  In  uniform 


Figure  17.  Flow  Pattern  over  a  Flat  Plate 
at  Zero  Angle  of  Attack 
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flow  (or  in  the  derived  flow  field  for  the  general 
body  shape).  For  higher  M  and  lower  Re  the 
boundary  layer  thickens  sufficiently  to  cause  an 
appreciable  Interaction  between  the  invlscid  and 
viscous  flow  regions  in  this  type  of  analysis. 
Physically,  a  weak  interaction  is  defined  by  the 
ratio  of  the  induced  pressure  gradient  to  the 
inertial  term  in  the  equations  governing  the 
boundary  layer  flow.  When  the  order  of  mag¬ 
nitude  of  this  ratio  Is  less  than  1/100,  the  inter¬ 
action  can  effectively  be  ignored;  when  the 
ratio  is  of  the  order  of  1/100,  the  interaction  is 
called  weak;  and  when  the  ratio  is  of  the  order 
one  or  more,  the  interaction  is  called  strong. 
In  the  latter  case  the  flow  pattern  as  assumed 
in  Figure  17  is  not  obtained,  but  rather  the 
whole  region  between  plate  and  induced  shock 
must  be  considered  as  viscous. 


The  analysis  of  Shen,  Reference  17,  for 
the  problem  of  weak  Interaction  shows  that  the 
ratio  of  induced  pressure  gradient/inertia 
terms  at  a  distance,  L,  from  the  plate  leading 
edge  can  be  expressed  in  terms  of  the  parameter 

l/(Mp2.  thus,  thls  ratlo  lfl  i/ioo  wj,en~= 

To  delineate  the  region  of  weak  interaction  in  the 
M-Re  plane,  it  is  nece  sary  first  to  obtain  an 

expression  for  £  in  terms  of  M  and  Re.  The 

value  of  8,  uncorrected  for  interaction,  may  be 
applied  in  order  to  obtain  an  estimated  lower 
bound  of  the  region  of  weak  interaction.  Conse¬ 
quently,  the  Howarth  formula  (1.5)  could  have 
been  used.  However,  it  was  convenient  to  fol¬ 
low  Shen  (loc.  clt.)  and  use  the  relation 


1 

L 


1  +  w 


Re 


-1/2 


which  accounts  somewhat  more  accurately  for 
the  boundary  layer  behavior  at  the  higher  Mach 
numbers.  The  weak  interaction  boundary  can 
then  be  expressed  as 


M 


A 

L 


« 


M2  *  M 
Re  I/2 


(1.8) 


where  u  =  0.78  was  used  in  computing  the  bound¬ 
ary  shown  in  Figure  18.  Lees  and  Probstein, 
Reference  1 8 ,  arrived  at  the  same  boundary  given 


by  Equation  (1.8),  but  used  the  less  general  as¬ 
sumption  that  u»  =  1  throughout  their  analysis. 

In  the  case  of  strong  Interaction  the 
ratio  (induced  pressure  gradient/inertia  terms) 
2 

is  still  1/(M  j-r.  In  this  case,  however,  the 

value  of  £  must  be  obtained  by  considering  the 

induced  pressure  gradient  which  appreciably  in¬ 
fluences  the  boundary  layer  growth.  Shen,  Ref¬ 
erence  20,  Li  and  Nagamatsu,  Reference  21,  and 
Lees,  Referenced,  obtained  essentially  the  same 
result, 


const. 


Mu/Z 

Re1/4 


(1.9) 


Hence,  the  strong  Interaction  boundary  defined 
by  the  ratio  (induced  pressure  gradient/inertial 
terms)  equal  to  one  can  be  expressed  as 


M2  *  10 
r01/2 


(1.10) 


This  boundary  1b  also  Bhown  in  Figure  18.  It  is 
interesting  to  note  that  the  parameters  defining 
the  weak  and  strong  inte  action  boundaries  in 
the  M-Ile  plane  turn  out  to  he  identical. 


The  boundary  between  continuum  and 
slip  flow  regions  was  rederived  for  the  region 
where  strong  interaction  would  be  expected. 
The  analysis  follows  along  the  same  lines  as 
explained  above,  where  now  the  expression  of 
Equation  1 .9  for  the  growth  of  8  as  influenced 
by  the  self-induced  pressure  gradient  is  used, 
with  the  values  of  0.6  for  the  constant  in  this  ex¬ 
pression  given  by  Li  and  Nagamatsu  (loc.  clt.) 
and  Shen  (loc.  clt.).  For  the  criteria  that  slip 

occurs  when‘g^'=  0.01  (assumed  by  Tslen),  the 

boundary  In  the  M-Re  plane,  taking  into  account 
compressibility  effects  including  strong  bow 
shock-boundary  layer  interaction,  is 


6  M3/5  _  1 

Re3/4  "  100 


(1.11) 


This  boundary  is  shown  in  Figure  18  and  can  be 
compared  there  with  the  criterion  of  Tsien 
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Figure  18.  Realms  and  Boundaries  of  Fluid  Flow 


I 

I 

I 
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from  Figure  15  (who  assumed  essentially  an  In¬ 
compressible  boundary  layer)  and  the  boundary 
obtained  previously  by  taking  into  account  com¬ 
pressibility  effects  without  a  self -induced  pres¬ 
sure  gradient.  The  Tsien  criterion  is  seen  to 
predict  slip  at  lower  Mach  numbers  and  Reynolds 
numbers  in  comparison  with  the  more  realistic 
boundary  derived  herein,  while  the  latter  does 
the  reverse.  A  boundary  in  the  M-Re  plane  de¬ 
fined  by  the  more  optimistic  physical  criteria 
that  slip  effects  will  not  become  significant  until 


^  W.  1 

Be  "10 


is  also  shown. 


In  Figure  18,  each  boundary  calculated  for  the 
strong  shock  region  is  Joined  to  the  correspond¬ 
ing  boundary  previously  obtained  without  shock 
Interaction  by  a  straight  line  through  the  region 
of  weak  interaction;  the  boundaries  could  not  be 
obtained  any  more  accurately  in  the  latter  re¬ 
gion  since  the  actual  form  of  the  growth  of  i 
there  is  not  known. 


The  above  delineation  of  the  various  re¬ 
gions  In  the  M-Re  plane  where  continuum  flow 
can  be  assumed,  where  slip  flow  probably  occurs, 
and  where  significant  shock  wave -boundary  layer 
interaction  occurs  is  of  practical  importance  In 
evaluating  the  limits  of  applicability  of  the 
various  aerodynamic  theories  and  methods.  It 
indicates  the  fundamental  equations  and  boundary 
conditions  which  govern  the  flow  (and  hence,  by 
deduction,  the  aerodynamic  parameters)  at  each 
flight  condition.  Some  further  considerations  on 
the  appropriate  fundamental  equations  to  de¬ 
scribe  hypersonic  flow  are  given  briefly  below. 

One  consideration  is  whether  or  not  the 
Navier-Stokes  equations  adequately  describe  the 
physical  flow  throughout  the  whole  field  of  Inter¬ 
est.  So  far  the  adequacy  ot  the  Navier-Stokes 
equations  has  been  tacitly  assumed  in  the  use  of 
expressions  for  the  boundary  layer  thickness, 8, 
derived  from  these  equations  and  in  the  analysis 
of  shock  boundary  layer  interaction.  It  is  known, 
however,  that  the  Navier-Stokes  equations  are 
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only  a  first  approximation  to  the  complete  equa¬ 
tions  governing  viscous  flow,  as  derived  from  the 
kinetic  theory  of  nonuniform  gases  by  Maxwell, 
Boltzmann,  Chapman,  Enskog,  and  others,  The 
kinetic  theory  gives  two  correction  terms  to  the 
Navier-Stokes  equations  which,  while  negligible 
for  gases  under  ordinary  pressure,  become  im¬ 
portant  for  rarified  gases  and  very  high  speed 
gas  flow. 

hi  order  to  obtain  a  clear  indication  of 
where  the  Burnett  (Reference  22)  correction 
terms  to  the  Navier-Stokes  equations  may  be  ex¬ 
pected  to  bo  significant,  a  careful  analysis  of  the 
order  of  magnitude  of  all  the  Burnett  terms  rela  ¬ 
tive  to  the  Navier-Stokes  term  in  the  complete 
boundary  layer  equations  was  made.  The  ap¬ 
proach  followed  was  similar  to  that  given  by 
Tsien  (Reference  S,  pp.  655-056)  who,  however, 
only  checked  the  relative  magnitude  of  typical 
terms,  rather  than  every  term.  The  very  leng¬ 
thy  and  detailed  analysis  required  for  a  careful 
comparison  will  not  lie  reproduced  here,  but  the 
essential  results  can  be  roughly  interpreted  as 
follows: 


(a)  In  the  x-momentum  equation  die  ra¬ 
tio  of  Burnett  to  ordinary  viscous  term  is  M^-, 
where  JE  is  a  characteristic  length  of  the  plate. 

(b)  In  the  y-momentum  equation,  the 
ratio  of  Burnett  to  ordinary  viscous  term  is 


M  _L  ± 

M  8  8 

Thus  in  the  region  where  M-^-«l,  but  M  — is 

between  0.1  and  1,  the  ordinary  (Navier-Stokes) 
x-momentum  equation  may  be  used,  Now  from 

(b),-^due  to  the  Burnett  terms  isM-g-^  times 

the  y-inertia  terms  (Navier-Stokes),  and  the  y- 
s 

Inertia  term  in -^times  the  x-inertia  term,  hence 

an  X  * 

—  is  M-?~times  the  x-inertla  term. 


When  the  value  of  M-^-ls  not  negligible 


compared  with  one,  the  Navier-Stokes  equations 
must  be  supplemented  by  Burnett  terms  in  order 


to  provide  an  adequate  and  consistent  approxi¬ 
mation  to  the  physical  flow.  The  additional  terms 
first  appear  in  the  y-momentum  equation  and 
imply  that  there  is  a  pressure  gradient  across 
the  boundary  layer,  the  magnitude  of  which,  in 
any  particular  case,  must  come  from  a  solution 
of  the  appropriate  equations.  It  is  stressed  at 
this  point  that  the  purpose  of  ihe  foregoing  ana¬ 
lysis  was  to  determine  the  fundamental  set  of 
equations  and  boundary  conditions  which  govern 
the  flow  in  the  range  of  hypersonic  flight  condi¬ 
tions  of  Interest  and,  in  particular,  to  indicate 
where  the  Navier-Stokes  equations  are  no  longer 
adequate.  The  Navier-Stokes  equations  are  the 
basis  of  practically  all  present  boundary  layer 
theories  from  which,  in  turn,  methodsfor  predic¬ 
tion  of  skin  friction  and  heat  transfer  parameters 
are  derived.  The  present  analysis  serves  as  a 
guide  in  evaluating  the  accuracy  of  their  use  and 
as  a  basis  in  which  more  exact  theories  and  then 
methods  can  be  developed. 


In  Figure  19,  a  curve  of  M-^-  =*  is 

shown;  above  this  curve  the  order  of  magnitude 
of  some  Burnett  terms  is  at  least  1/10  that  of 
the  Navier-Stokes  terms  and  should  therefore  be 
included  In  fundamental  equations,  while  below 
the  curve  the  order  of  magnitude  of  the  Burnett 
terms  are  less  than  1/10  that  of  the  Navier- 
Stokes  equations,  and  may  or  may  not  be  signi¬ 
ficant. 


For  comparison,  a  curve  of  M-g-  = 


ts  also  presented.  The  above  analysis  suggests 
a  pressure  gradient  across  the  boundary  layer 
in  high  Mach  number  flow  whic.l  should  be  pos¬ 
sible  to  verify  by  experiment.  Previous  boun¬ 
dary  layer  experiments  in  hypersonic  flow  have 


been  at  Reynolds  numbers  much  higher  than 


that  at  which  this  effect  Is  predicted. 


The  expression  for  8  as  a  function  of 
M  and  Re  used  in  obtaining  this  curve  varies 
as  the  regions  of  strong  Interaction,  weak  inter¬ 
action  or  no  interaction  are  encountered.  This 
accounts  for  the  appearance  of  discontinuities 
in  the  M'g'curve  at  the  interaction  boundaries. 
Because  oi  the  approximate  nature  of  these  con¬ 
siderations,  the  boundary  curves  obtained  are 
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Figure  19.  Realms  and  Boundaries  of  Fluid  Flow 


only  indicative  of  where  the  effect  considered 
may  occur  and  should  not  he  construed  as  being 
exact. 


The  foregoing  considerations  were  con¬ 
cerned  with  determining  the  appropriate  funda¬ 
mental  equations  to  describe  a  given  flight  con¬ 
dition.  In  considering  boundary  layer  flow,  how¬ 
ever,  the  complete  fundamental  equations  are 
not  amenable  to  solution,  Employing  the  usual 
boundary  layer  approximations  (i.e.,  following 
the  assumption  that  owing  to  the  extreme  thin¬ 
ness  of  the  boundary  layers,  derivatives  of  a 
quantity  normal  to  the  boundary  layer  are  of  an 
order  of  magnitude  larger  than  derivatives  of 
the  same  quantity  along  the  layer),  an  order  of 
magnitude  analysis  leads  to  a  reduced  approxi¬ 
mate  set  ol  equations  -  the  usual  boundary  layer 
equations  (starting  from  the  Navier-Stokes  equa¬ 
tions).  Because  of  the  thickening  of  the  boundary 
layer  with  Increasing  Mach  number  and  deer  eas¬ 
ing  Reynolds  number  of  flight,  tt  Is  of  Interest 
to  note  where  the  validity  of  this  approach  will 
be  expected  to  break  down.  The  indicative 


g 

quantity  for  this  purpose  is--,  the  ratio  of  boun- 

Li 

dary  layer  thickness  to  distance  from  the  plate 

8  1  8  1 

leading  edge.  Curves  01-7-=  -mr,  and~  =  -r-are 

Li  1U  Li  D 

8  1 

shown  in  Figure  19;  above  the  curve  —  =  -=-the 

S  1  L  5 

ratio  of  ~  is  greater  than  y,  and  below  it  less 

l8l 

than  -g;  the  =  jq1  curve  is  interpreted  in  the 


g  1 

same  fashion.  Certainly  when-£=-jr  and  probably 

g  1 

even  when-j-  =  the  validity  of  the  usual  boun¬ 
dary  layer  approximation  must  be  carefully  con¬ 
sidered. 


Figure  20  shows  a  superposition  of  the 
various  "boundaries"  shown  separately  for  clar¬ 
ity  in  Figures  15,  18,  and  19.  These  boundaries 
were  obtained  from  a  consideration  primarily 
of  the  mechanics  of  fluid  flow.  It  is  of  interest 
also  to  indicate  where  thermodynamic  effects 
may  become  important  and  should  be  taken  into 
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account,  in  analyses  of  boundary  layer  flow.  For 
this  purpose,  an  estimate  was  made  of  the  flight 
conditions  -  Mach  number  and  altitude  -  at 
which  the  maximum  temperature  attained  in  the 
boundary  layer  would  cause  a  preassigned 
amount  of  equibilrium  dissociation  of  the  air. 
The  results  are  shown  In  Figure  21;  the  exem¬ 
plary  amounts  of  dissociation  considered  were 
0.5%  and  5%,  and  the  degree  of  dissociation  as 
a  function  of  temperature  and  pressure  was  ob¬ 
tained  from  the  tables  of  Krieger  and  White, 
Reference  23*.  The  temperature  distribution  in 
the  boundary  layer  was  interpolated  from 
Crocco's  work  (Reference  16)  for  the  cases  of 
an  insulated  flat  plate  and  for  the  more  practical 
case  of  a  plate  with  T  =  3TW 


Figure  21.  Flight  Regions  of  Dissociation 
in  Boundary  Layer 

*  It  is  known  that  these  tables  are  somewhat  in¬ 
correct,  cf.  sect.  lV-B3a,  but  they  are  suffi¬ 
ciently  accurate  for  the  present  analysis. 


I04  I08 

REYNOLDS  VuMfttR 


Figure  20.  Realms  and  Boundaries  of  Fluid  Flow 
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The  curve  for  5%  dissociation  with 
=  3T,j  was  then  replotted  in  Figure  20.  In 
the  region  above  this  curve,  there  will  be  ap¬ 
proximately  5%  or  more  dissociation  of  the  air 
at  some  point  in  the  boundary  layer.  This  rough 
consideration  only  indicates  where  dissociation 
nr  ’ht  have  an  effect  in  the  boundary  layer  and 
therefore  should  be  considered  in  the  funda¬ 
mental  equation  governing  flow  in  this  region. 
The  exact  nature  and  magnitude  of  the  effect  of 
dissociation  on  skin  friction  and  heat  parameters 
can  then  be  determined  only  by  a  solution  of  the 
appropriate  equations.  The  latter  has  been  at¬ 
tempted  for  some  special  cases  by  Moore  and 
Crown  (References  24  and  25). 

The  various  "boundaries"  and  "indi¬ 
cator"  curves  arising  out  of  the  whole  of  the 
foregoing  analysis  have  been  replotted  in  Figure 
22  (located  in  the  pocket  in  the  back  cover)  in  a 
Mach  number-altitude  plane,  as  they  apply  to  a 
point  one  foot  back  from  the  leading  edge  of  a 
fiat  plate.  The  wing  chord  of  a  possible  design 
configuration  for  an  MX-2276  (of  Reference  1) 
type  aircraft  ranges  from  40  to  8  feet,  with  a 
weighted  mean  of  about  18  feet.  Thus  conditions 
at  a  point  one  foot  from  the  leading  edge  are 
significant  in  determining  over-all  as  well  as 
local  values  of  the  aerodynamic  parameters. 

c.  Thermodynamic  Phenomena  in 

Hypersonic  Flow 

The  fundamental  nature  of  the  thermo¬ 
dynamic  problems  encountered  in  the  Mach  num¬ 
ber  range  from  zero  to  twenty-five  can  be  clearly 
demonstrated  by  a  diagram  of  the  energy 
spectrum  of  the  gaB  on  the  atomic  scale.  The 
average  translational  kinetic  energy  of  each 
molecule  of  air  relative  to  the  aircraft  can  be 

expressed  In  the  form-^^~  (1  +  yM^),  where 

a  is  the  velocity  of  Bound,  7  is  the  ratio  of  spe¬ 
cific  heats,  and  m  is  the  mass  of  a  molecule  of 
the  air.  This  relationship  between  kinetic  energy 
and  Mach  number  is  represented  by  the  parabolic 
curve  in  Figure  23.  The  characteristic  energy 
values  for  the  vibrational  energy  levels,  and  the 
dissociation  energies  of  the  air  molecules  are 
indicated  as  wel’  as  the  sublimation  energies  of 
typical  solids. 


From  this  energy  diagram  it  can  be  seen 
that  the  relative  kinetic  energy  of  the  typical 
gaB  molecule  at  high  Mach  number  is  greater 
than  the  energy  of  Its  chemical  bond,  i.e .,  it  has 
sufficient  energy  to  produce  dissociation.  Fur¬ 
thermore,  at  sufficiently  high  speeds,  the  rela¬ 
tive  kinetic  energy  is  greater  than  the  energy  re¬ 
quired  to  remove  a  single  atom  from  a  common 
metal,  l.e.,  the  sublimation  energy.  These  facts 
suggest  that  thermodynamic  and  chemical  pheno¬ 
mena  not  apparent  at  ordinary  supersonic  speeds 
will  be  observed  at  high  Mach  numbers  because 
there  Is  now  enough  energy  available  to  produce 
them.  For  example,  the  accommodation  and  slip 
coefficients,  which  depend  on  the  nature  of  the 
interaction  between  the  gas  particles  and  the  sur¬ 
face,  would  not  be  expected  to  retain  their  low 
speed  values. 


Figure  23.  Kinetic  Energy  of  Air  Molecules 
as  a  Function  of  Mach  Number 
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The  possibility  of  erosion  of  the  solid 
surface  by  the  air  at  high  Mach  numbers  is  suf¬ 
ficiently  large  to  warrant  a  brief  investigation 
of  this  problem.  Consideration  is  being  given 
to  devising  simple  experiments  which  could 
demonstrate  this  effect. 

The  problem  of  aerodynamic  heating  In 
hypersonic  flow  at  Mach  numbers  greater  than 
10  where  dissociation  must  be  taken  into  account 
was  first  considered  in  some  detail  by  Moore 
(Reference  24)  and  subsequently  in  brief  by 
Hanson  (Reference  26)  and  Crown  (Reference  25). 
However,  none  of  these  Investigators  considered 
the  role  played  by  diffusion  in  the  mechanism 
of  heat  transfer  whereby  the  dissociation  enorgy 
is  transported  from  the  hotter  to  the  cooler  part 
of  the  gas,  although  it  is  known  both  theoretically 
and  experimentally  from  the  works  of  Langmuir 
(Reference  27),  Nernst  (Reference  28),  and  other 
investigators,  that  diffusion  will  appreciably  af¬ 
fect  the  values  of  the  transport  properties  of  the 
gas.  An  investigation  and  an  evaluation  of  this 
effect  is  now  under  way. 

Tho  study  (cf.  Reference  93)  to  estimate 
th£  effect  of  heat  radiation  into  a  surface  from 
ati  adjacent  hot  boundary  layer  (where  Tniax  a 
10,000' R)  will  be  completed  as  soon  as  the  basic 
physical  data  on  the  emissitivlty  of  air  are  ob¬ 
tained. 

d.  Aerodynamic  Heating 

(1)  General 

In  the  hypersonic  flight  regime  con¬ 
templated,  the  heat  transfer  from  the  viscous 
boundary  layer  to  the  aircraft  skin  produces  skin 
temperatures  of  the  same  order  as  the  limiting 
temperatures  for  the  Integrity  of  the  structural 
materials  (e.g.,  see  the  skin  temperatures  given 
in  Reference  1).  Thus,  temperature  becomes  a 
paramount  consideration  of  the  structural 
designer.  Also,  the  structural  temperatures 
place  definite  restrictions  on  the  flight  plan  and 
the  aerodynamic  configuration  and  so  must  be 
included  in  the  preliminary  design  of  a  vehicle 
as  well  as  in  later  more  detailed  studies.  A  re¬ 
view  of  the  extensive  literature  on  aerodynamic 
heat  transfer  and  discussions  with  other  re¬ 


search  agencies  has  disclosed  a  number  of  me¬ 
thods  for  estimating  high  speed  heat  transfer 
characteristics  which  are  not  in  complete  agree¬ 
ment.  For  this  reason,  the  greatest  part  of  the 
heating  study  made  to  date  has  consisted  of  an 
analysis  of  methods  of  estimation  of  heat  trans¬ 
fer.  This  led  to  the  selection  of  the  method  de¬ 
scribed  herein  for  the  preliminary  engineering 
estimations  of  heat  transfer  which  are  to  be  made 
under  the  study  contract.  The  nature  of  the  heat 
transfer  calculation  is  such  that  any  small  gain 
in  accuracy  is  accomplished  only  through  a  con¬ 
siderable  Increase  in  time  and  complexity  of 
calculation.  A  comparison  between  the  tempera¬ 
tures  obtained  using  this  approximate  method  and 
those  obtained  when  additional  refinements  are 
included  will  be  presented  in  the  future. 

In  the  strictest  Bense,  the  method 
described  applies  only  to  two-dimensional,  flat 
plate  flow  with  no  pressure  or  temperature 
gradients.  However,  it  should  be  remembered 
that  it  Is  proposed  to  use  the  method  only  as  a 
first  approximation.  It  will  not  be  used  where 
it  is  itnown  to  give  misleading  results.  The 
method  is  also  subject  to  the  general  gas  dyna¬ 
mics  limitations  discussed  earlier  (See  Section 
IV-B,  3b)  and  does  not  include  the  effects  of  dis¬ 
sociation  or  of  shock-boundary  layer  inter¬ 
action.  The  use  and  limitations  of  the  method 
will  be  discussed  in  more  detail  later  in  this 
section. 

(2)  Skin  Friction  and  Heat  Transfer 

Coefficients 

The  first  step  to  be  considered  in 
the  calculation  of  viscous  heating  is  the  estima¬ 
tion  of  the  heat  transfer  coefficient.  Implicit  in 
this  estimation  is  the  consideration  of  the  closely 
related  skin  friction  coefficient.  The  method 
proposed  for  the  estimation  of  these  coeffi¬ 
cients  is  the  use  of  the  well-known  constant 
property  incompressible  relatione  extended  to 
supersonic  and  hypersonic  conditions  by  evalu¬ 
ating  the  air  properties  in  these  relations  at  a 
reference  temperature  -  a  weighted  mean  tem¬ 
perature  which  occurs  within  the  compressible 
boundary  layer.  The  reference  temperature  is 
expressed  as  a  function  of  the  wall,  stream,  and 
recovery  temperatures  (and  thus  Mach  number). 
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This  semi-empirical  theory  was  derived  for 
laminar  flow  but,  from  its  agreement  with  test 
results,  also  appears  to  be  applicable  to  turbu¬ 
lent  flow.  It  is  well  adapted  to  engineering  cal¬ 
culation  and  has  been  used  in  other  hypersonic 
studies  (References  30  and  31). 

Eckert  (Reference  32)  in  a  recent 
survey  of  heat  transfer  also  recommends  this 
approach  and  shows  that  excellent  agreement 
can  be  obtained  with  the  more  exact  theories  in 
the  laminar  flow  case  and  with  the  available  ex¬ 
perimental  data  in  the  turbulent  flow  case. 
Eckert  presents  and  discusses  the  method  in  con¬ 
siderable  detail.  Therefore,  it  is  presented  only 
in  brief  form  here  for  the  sake  of  completeness 
and  to  indicate  the  interpretation  proposed  for  the 
current  study. 


The  following  relations  are  stated 
for  incompressible  flow.  In  their  use  and  ex¬ 
tension,  two-dimensional  plate  flow  with  no 
pressure  or  temperature  gradients  Is  implied. 
The  symbols  used  are  given  in  Table  III.  The 
wall  shearing  stress  ts  expressed  as 


TW  =  q  2  V/  1 


For  laminar  flow,  the  skin  friction  coefficient 
and  Stanton  numbers  are 


^j.=  0.332/  ,/Re  =  0.332A, 


St 


h 

cpPV 


For  turbulent  flow,  the  skin  friction  coefficient 
and  Stanton  number  are 


H.  =  0.0296  Re  °-2  =  0.0296  (VS  px)  ’°'2 
2  /i. 


St  = 


h 

Vv 


where  S  is  approximately  1.2  (Reference  32). 


^  f'J-  /  TABLE  IB 

<  , 

AERODYNAMIC  HEATING  SYMBOLS 


Cf 

Skin  friction  coefficient 

dimensionless 

cp 

Specific  heat,  constant 
pressure 

Btu/lb-uF 

cv 

Specific  heat,  constant 
volume 

Btu/lb-"F 

s 

Gravitational  constant 

ft/ sec2 

G 

Solar  radiation 

Btu/ft2-hr 

h 

Convective  heat  transfer 
coefficient 

Btu/ft2-°F-hr 

J 

Mechanical  equivalent  of 
heat 

ft-lb/Btu 

M 

Mach  number 

dimensionless 

1J 

Pressure 

lb/ft2 

l’r 

Prandtl  number 

dimensionless 

<1 

Rate  of  heat  flow 

Btu/ft2 

r 

Recovery  factor 

dimensionless 

Ho 

Gas  constant 

lb/°F 

Re 

Reynolds  number 

dimensionless 

St 

Stanton  number 

dimensionless 

T 

Temperature 

°R 

V 

Velocity 

ft/sec 

w 

Specific  weight 

lb/ft3 

X 

Distance  from  leading 
edge 

feet 

y 

Thickness  of  skin 

feet 

a 

Absorptivity 

dimensionless 

r 

Ratio  cp/cr 

dimensionless 

e 

Emissivity 

dimensionless 

9 

Time 

seconds 

M 

Viscosity 

lb-sec/ft2 

P 

Density 

siugs/ft3 
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TABLE  III 

AERODYNAMIC  HEATING  SYMBOLS  (CONT) 

<r  StefanBoltzmann 

constant  1. 73  x  10'"  x  BTU 

sq  ft  x  °R4  x  hr 


oi  Power  law  exponent  dimensionless 

Subscripts 

c  Compressible  flow 

1  Incompressible  flow 

L  Laminar  flow 

r  Recovery  -  boundary  layer  -  adiabatic  wall 

t  Total  stagnation 

T  Turbulent  flow 

W  Wall  condition 

S  Local  free  stream 

Superscript 

'  Indicates  reference  temperature 

conditions 


If  the  pressure  across  the  boundary 
layer  is  assumed  constant,  the  following  expres¬ 
sions  for  heat  transfer  coeff  Ic  tents  can  bo 
written: 

Laminar  flow: 


h«  928.0 


it-1 


Turbulent  flow: 


The  question  then  arises,  at  what 
temperature  should  the  temperature  variant  pro¬ 
perties,  p  ,  (i  t  cp,  and  Pr  be  evaluated.  The 
boundary  layer  temperature  profile  varies  con¬ 
siderably  as  a  function  of  velocity  and  wall  tem¬ 
perature.  Rubesin  and  Johnson  (Reference  33) 
have  advanced  a  constant  property  solution  for 
laminar  flow  based  upon  the  reference  tempera¬ 
ture 

T'/Tg  «  I  ♦  0.58  (Tw/T8  -I)  ♦  0.032  Mg  • 

This  relation  also  has  been  used  In  turbulent 
analysis,  e.g.,  References  30  and  31. 

In  discussions  with  personnel  at  the 
NACA  Ames  Laboratory  the  following  reference 
temperature  was  proposed. 

T'/Tg  a  It  0.45  (Tw/Tg-I)t  C.040  Mg  • 

Use  of  this  reference  temperature  had  given  good 
correlation  with  the  turbulent  skin  friction  data 
obtained  from  wind  tunnel  tests  by  Chapman  and 
Kester  (Reference  34)  and  with  turbulent  data 
from  the  free  flight  wind  tunnel,  at  least  partially 
presented  In  Reference  37.  They  had  also  com¬ 
pared  the  friction  coefficients  from  tests  of  low 
speed  flow  In  heated  pipes  with  those  predicted 
using  the  T'  method  and  had  found  verification. 

Eckert  recently  has  modified  the 
coefficients  In  the  T'  relation  to 

T'  »  0.5  (Tw  ♦Tg)  ♦  0.22  (  Tf  -  T„  1  , 
or  for  comparison  with  the  previous  relations  to 


T'Tg  »  I  ♦  0.5  -|)  ♦  0.22 r  •  — -  Mg  • 

This  relation  appears  to  have  been  derived  from 
the  more  exact  laminar  theory  for  a  greater 
range  of  temperatures  than  the  equation  of  John¬ 
son  and  Rubesin. 
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The  preceding  T'  relations  have 
been  used  with  the  incompressible  relations 
stated  to  give  the  curves  3hown  in  Figure  24 
which  are  compared  with  available  turbulent 
data.  In  calculating  the  curves  it  was  assumed 

W  /T'\0.72 

that  r  s  0.9,  7  =  1.4,  and-^^^J  .  It  is 

seen  that  for  the  case  of  T\v  =  Tr  they  are  very 
similar  and  are  in  good  agreement  with  the  test 
data.  For  the  two  conditions  where  Tyy  is  close 
to  Tj  ,  the  NACA  and  the  Eckert  relations  give 
the  closest  agreement  with  the  data.  In  view 
of  this  the  Eckert  T'  relation  will  be  used;  it 
appears  to  have  been  carefully  considered  and 
to  have  a  greater  range  of  applicability  with  res¬ 
pect  to  laminar  flow,  and  compares  favorably 
for  turbulent  conditions. 


The  following  equations  give  the 
relationship  of  actual  compressible  skin  fric¬ 
tion  for  both  laminar  and  turbulent  flow. 


Laminar  Flow: 


fc  ,  M\l/2 
—  =  v-jrrl 


Turbulent  flow: 


_  ,_£\0.2 

^  '  »L  • 


(^,0-8 

V 


whore  the  cf’s  are  both  defined  by  the  relation 
Tw 

Cf  =  Y/2P — v — %  and  t*ie  Primed  quantities  are 

evaluated  ^t  ?he  reference  temperature.  The 
above  equations  have  been  evaluated  and  are 
plotted  versus  T’  in  Figure  25  using  400°R  as  a 
base.  The  solid  lines  represent  the  functions 
that  are  obtained  by  using  the  NACA-NBS  tables 
(Reference  35). 


MACH  NUMBER 

Figure  24.  Variation  of  Compressible  Skin  Friction  Coefficient  for  Turbulent  Flow 
(Comparison  of  Experiment  with  the  Effective  Temperature  Method) 
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Figure  25.  Skin  Friction  Coefficient 
Correction  Factor 


Similarly,  from  the  heat  transfer 
coefficient  equations ,  the  following  relations  give 
the  ratio  of  the  compressible  heat  transfer  co¬ 
efficients  to  the  incompressible  coefficients. 

Laminar  flow: 


greater  than  those  for  which  there  are  estab¬ 
lished  values  for  the  air  properties,  as  shown  by 
the  solid  lines  in  Figures  25  and  26.  One  then 
wonders  how  to  extend  the  curves  reasonably. 
Power  law  variations  of  the  air  properties  with 
temperature  suggest  themselves  because  of  their 
convenience  and  because  they  have  commonly 
been  used  as  approximations  in  this  situation  in 
heat  transfer  work.  A  fair  over-all  fit  to  the 
actual  data  curves  is  attained  through  use  of  the 
following  air  property  variations. 

M' 


k'  ,T'  .0.83 

"  V 


V  _  /T'  .0.08 


,r_.0.72 

V 


$ 


S  -  ! ±1  l£.\  1/2  Cp’  /1>r«\2/3 

h  “V/V  T'J  •“  \F“/  1 

i  5  p, 

Turbulent  Flow: 


These  equations  are  evaluated  and  plotted  in  Fig¬ 
ure  26  as  a  function  of  T’ with  400°  H  as  the  base. 
Again  the  solid  lines  give  the  results  using  the 
NACA-NBS  tables.  However,  the  Prandtl  number 
is  given  only  to  180Q°R  in  these  tables;  after 
this  point  it  is  assumed  the  Prandtl  number  has 
a  constant  value  of  0.715,  after  Chapman  and 
Cowling.  It  is  felt  that  other  property  values  at 
the  higher  temperatures  are  lesB  certain  and  it 
must  be  stated  that  at  the  higher  values  of  T’ , 
particularly  above  1800°  R,  the  validity  of  the 
curves  becomes  less  certain. 

The  effective  temperatures  encoun¬ 
tered  in  the  proposed  MX-2276  flight  plan  will  be 


These  relations  give  the  dashed  curves  on  Fig¬ 
ures  25  and  26,  It  is  seen  that  the  power  law  rep¬ 
resentations  are  best  for  the  turbulent  case 
where  they  match  the  tabulated  value  curves 


Figure  26.  Heat  Transfer  Coefficient  Correction 
Factor 
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fairly  well,  particularly  in  the  temperature  range 
below  1800°R  where  the  tabulated  values  are 
most  certain.  The  power  law  variations  appear 
to  less  advantage  in  the  laminar  case  but  may 
be  adequate  for  the  laminar  heat  transfer  where 
the  total  hc/hj  variation  is  small. 

If  for  the  present  the  power  varia¬ 
tions  of  compressible  heat  transfer  coefficient 
with  temperature  are  adopted,  then: 

Laminar  flow: 


Turbulent  flow: 

^c  ,r_.  -0.576 

hi  =  V 


and  then  through  substitution  of  the  equation  for 
effective  temperature  the  carpets  shown  on  Fig¬ 
ures  21  and  28  are  obtained.  These  give,  per¬ 
haps,  a  better  picture  of  the  effects  of  Mach 
number  and  wall-to-stream  temperature  ratio 
on  heat  transfer  coefficient. 

It  will  be  noted  that  the  effects  of 
wall-to-stream  temperature  ratios  Tyy/T j  on 
the  heat  transfer  coefficient  in  turbulent  flow 
are  quite  large.  Other  boundary  layer  theories 
advanced  (e.g.,  Van  Driest, Reference  36)  also 
show  this.  Data  from  the  N  ACA  Ames  free  flight 
wind  tunnel,  presented  on  Figure  24  (from  Ref¬ 
erence  37),  also  indicate  the  Increase  in  skin 
friction  and  heat  transfer  with  decreasing 
Tw/T<v  for  turbulent  flow.  This  has  also  been 
confirmed  in  discussions  with  the  N  ACA  -  Langley 
PARD  division  concerning  their  free  flight  tests 
at  M  S  5.  However,  recent  turbulent  flow  tests 
at  the  Naval  Ordnance  Laboratory  hypersonic 
wind  tunnel  reported  by  Lobb  (Reference  38)  at 
M  =  5,  6.8,  and  7.7,  and  unpublished  data  from 
both  the  NOL  and  the  Johns  Hopkins  Unversity 
Applied  Physics  Laboratory  hypersonic  tunnels 
at  M  =  9  do  not  show  this  trend.  They  show  no 
appreciable  effect  of  Tyy/Tj  or,  if  anything, 


Figure  27.  Heat  Transfer  Coefficient  Correction 
Factor  for  Laminar  Flow 


Figure  28.  Heat  Transfer  Coefficient  Correction 
Factor  for  Turbulent  Flow 


a  slight  decrease  in  friction  coefficient  as  wall 
temperature  decreases  from  recovery  tempera¬ 
ture.  There  is  some  question  as  to  the  validity 
of  these  latter  tests  because  they  were  made  on 
the  tunnel  walls  where  the  boundary  layer  devel¬ 
opment  has  not  been  exactly  typical  of  fiat  plate 
flow;  but  in  the  area  of  measurement  the  stream- 
wise  pressure  gradients  were  small  and  the 
boundary  layer  measurement  techniques  appear 
to  have  been  excellent.  More  experimental  infor¬ 
mation  is  needed  to  resolve  these  differences. 
If  the  effects  of  Tyy/Tg  areas  indicated  by  NOL 
and  APL,  the  present  method  is  conservative  in 
this  respect,  as  their  points  agree  well  with  the 

curve  of  Cf  /cf  for  the  condition  T  =  T  pre- 
Cl  w  r 

dieted  by  the  present  method. 
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Finally,  if  the  power  law  represen¬ 
tations  are  chosen,  the  heat  transfer  coefficients 
for  laminar  and  turbulent  flow  are  given  by  the 
following: 


Equating  the  change  in  kinetic  energy  to  the 
change  in  the  total  heat  or  enthalpy  when  the  air 
is  brought  to  rest,  and  integrating  from  T  g  to 
Tt,  gives 


Laminar  flow: 


0 .00983  mPfi\0.5  /Jc\ 
c  =  Tfi0.04V  x  )  • 


Turbulent  flow: 


.  0.0334 

*  (Tji097* 


v*.  12,003  ^Tt  -Tg 


1572  1 

f  B5oo/rt_(  J ' 


The  values  of  Tt  -  T  &  obtained  from  this  func¬ 
tion  when  T  j  =  400*R  are  shown  in  Figure  29. 
Also  plotted  on  this  figure  are  0.85  and  0.9  (ap¬ 
proximately  the  laminar  and  turbulent  recovery 
factors)  times  these  values  to  indicate  the  reco¬ 
very  temperature  rises.  The  adiabatic  tempera¬ 
ture  rise  for  a  constant  c  1b  included  for  com¬ 
parison.  17 


where  the  values  of  hc/hj  correspond  to  the  pro- 
T' 

per  values  ~ r 


Heat  Transfer  Equations 


The  convective  heat  transfer  per 

unit  area  is 


q  =  h  (T  -  T  ) 
c  r  w 

where  the  recovery  temperature,  T  ,  is  given 
In  the  relation  r 


r.  V3L  .  __WjL_  . 

Tf  - Tj  V*/2Jgep 


The  recovery  factor,  r,  for  laminar  flow  is 
closely  approximated  by  r  -i/Pr1  and  for  turbu¬ 
lent  flow  by  r  =  ^/Pr'  ,  and  is  evaluated  at  the 
reference  temperature.  The  adiabatic  tempera¬ 
ture  rise  at  cypersonic  speeds,  - T  j  ,  Is  very 
large;  thus  cp  can  be  expected  to  vary  signifi¬ 
cantly.  The  variation  of  cp  with  temperature  is 
approximated  from  Reference  39  as 


c 


P 


5500 

T 


t 

) 


,  8900/T  -j 

(\-t*i00nf  ■* 


Figure  29.  Stagnation  Temperature  Rise 
(No  Dissociation) 
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The  general  equation  of  heat  balance 
per  unit  area  of  aircraft  surface  is  written  as 


h#  (Tf  -T^)  *40  -fJ  »  S600  «cy  — ^ 


where  a  G  is  a  weighted  average  of  the  amount 
of  radiation,  both  solar  and  nocturnal  absorbed 

4 

by  the  surface,  <  <r  T  is  the  heat  radiated 

dTw 

from  the  surface,  and  wcy  r-  Is  the  resultant 
heat  absorbed  by  the  surface.  For  the  transient 


state  the  equation  may  be  solved  by  successive 

AT 

difference  equation  solutions,  substituting  — • 


for  the  derivative.  In  the  equilibrium  case  the 
latter  term  is  zero  and  the  convective  heating 
by  the  boundary  layer  is  exactly  balanced  by  the 
radiation.  In  calculating  hypersonic  heat  trans¬ 
fer  for  the  MX-2276,  the  a  G  term  has  been 
found  to  be  relatively  small  and  may  be  neg¬ 
lected. 


The  emissivlty  of  the  surface,  «  , 
Is  seen  to  be  a  powerful  factor  In  establishing 
the  surface  temperature.  A  value  of  «  =  0.9 
was  used  in  the  MX-2278  proposal  calculations 
(Reference  1)  and  is  admittedly  quite  high,  but 
It  appears  to  be  obtainable  for  particular  sur¬ 
faces  as  Indicated  in  References  40  and  42. 
More  research  on  this  problem  is  definitely 
necessary  as  It  may  materially  affect  the  vehi¬ 
cle  design.  During  the  course  of  the  prerent 
study  the  effects  of  emissivity  on  the  surface 
temperatures  of  the  MX-2276  will  be  demon¬ 
strated. 


thod  applies  directly  If  the  local  stream  condi¬ 
tions  are  used.  The  cone  flow  is  not  two-dimen¬ 
sional  and  some  correction  must  be  made.  It 
has  been  found  that  local  laminar  3kin  friction 
and  heat  transfer  is  similar  to  that  of  flat  plates 
when  the  cone  Reynolds  number  is  three  times 
that  of  the  flat  plate.  ThiB  gives  a  correction  of 
y/T  times  the  plate  coefficients  when  applied 
to  the  cone.  A  similar  correction  factor  has  been 
derived  for  turbulent  cone  flow  to  be  1.15  times 
the  plate  coefficients.  Flow  on  tho  surface  of  a 
cylinder  can  also  be  considered  plate  flow  if 
the  radius  of  the  cylinder  1b  large  with  respect 
to  the  boundary  layer  thickness. 

The  effects  of  pressure  gradients  on 
slender  bodies  have  been  found  to  be  small  with 
respect  to  skin  friction  and  heat  transfer.  Since 
the  shapes  contemplated  for  the  MX-2276  arc 
very  thin  or  slender  and  are  generally  made  up 
of  the  surfaces  discussed  above,  it  appears  that 
the  effect  of  pressure  gradients  is  not  an  Impor¬ 
tant  consideration  for  the  greater  portions  of  the 
aircraft.  An  exception  is  in  the  immediate 
vicinity  of  tho  wing  leading  edges  and  body  nose 
which  must  have  finite  radii.  Heat  transfer  to 
these  surfaces  requires  another  approach  which 
will  be  taken  up  later  in  the  study. 

As  has  been  discussed  earlier,  the 
flight  of  the  third  stage  takes  11  Into  flow  regimes 
where  the  boundary  layers  become  very  thick, 
and  induce  pressure  gradients  and/or  Interact 
with  the  bow  shock  waves.  The  present  method 
obviously  cannot  be  applied  where  these  effects 
are  strong.  These  phenomena  have  their  own 
theories  and  will  be  treated  as  special  problems 
later  In  the  study. 


(3)  Use  and  Limitations  of  the  Method 

The  preceding  discussion  was  con¬ 
cerned  primarily  with  two-dtmenslonal  flow 
having  no  streamwise  pressure  or  temperature 
variations.  This  is  realized  on  a  flat  plate 
parallel  to  the  stream  direction  as  long  as  the 
boundary  layers  are  thin  and  the  leading  edge 
effects  are  not  large.  Constant  pressure  is 
also  encountered  In  supersonic  wedge  flow  and 
in  the  supersonic  flow  Immediately  adjacent  to 
conical  surfaces.  For  the  wedge  flow,  the  me¬ 


The  streamwise  temperature  gra¬ 
dients  on  the  third  stage  (as  shown  in  Reference 
1)  are  large,  particularly  near  the  leading  edge. 
Chapman  and  Rubesin  (Reference  41)  indicate 
the  effect  of  these  gradients  may  be  significant. 
This  problem  Is  now  under  study.  The  heat 
transfer  values  obtained  will  be  compared  with 
the  values  estimated  with  the  method  given 
herein.  It  is  not  expected  that  they  will  alter 
the  flat  plate  results  sufficiently  over  the  major¬ 
ity  of  the  surface  to  negate  the  value  of  the 
flat  plate  method  for  preliminary  estimations. 
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As  discussed  earlier,  the  boundary 
layer  air  may  dissociate  when  the  temperature 
within  it  become  sufficiently  high,  which  may 
change  the  skin  friction  and  heat  transfer.  Sev¬ 
eral  studies,  (References  24  and  25)  have  in¬ 
cluded  the  effects  of  dissociation  and  have  shown 
the  over-all  effects  are  small.  It  is  not  felt  at 
this  time,  from  the  insight  gained  in  the  present 
study,  that  these  results  can  be  considered  con¬ 
clusive.  In  view  of  this,  beyond  M  =*  10,  where 
appreciable  dissociation  may  occur  In  the  boun¬ 
dary  layer,  the  results  of  the  present  methods 
for  heat  transfer  and  skin  friction  can  be  con¬ 
sidered  only  speculatively. 

e.  Transition 

In  Section  IV-B3,  methods  have  been 
given  for  the  determination  of  the  local  skin 
friction  and  heat  transfer  parameters  for  the 
cases  when  the  boundary  layer  is  laminar  or 
turbulent.  In  any  practical  computation  of  fric¬ 
tion  drag  or  aerodynamic  heating,  the  state  of 
the  boundary  layer  must  iirst  be  assumed,  i.e., 
a  knowledge  of  the  transition  point  is  required. 
The  effect  and  the  importance  ol  the  many  vari¬ 
ables  which  could  affect  transition  and  the  me¬ 
chanism  of  transition  itself  is  not  yet  understood, 
hence,  the  assumptions  of  theory  are  incomplete 
and  experiments  are  not  fully  controlled.  The 
best  that  can  be  done  at  the  present  time  is  to 
assume  a  transition  Reynolds  number  based  on 
the  trends  exhibited  by  available  wind  tunnel  and 
flight  test  data.  In  the  original  proposal  report 
(Reference  1)  a  transition  Reynolds  number  of 
Re  =  2.8  x  10®  at  all  Mach  numbers  was  as¬ 
sumed.  This  appears  to  have  been  conservatively 
low  judging  from  the  trends  exhibited  by  the  test 
data  (Figures  30  and  31),  from  theoretical  pre¬ 
dictions,  and  by  discussions  with  several  experi¬ 
menters  during  visits  to  other  research 
agencies.  However,  it  is  interesting  to  note  that 
even  on  the  basis  of  the  assumed  transition 
Reynolds  number  of  2.8  x  10®,  the  boundary 
layer  over  the  wing  of  the  MX-2276  (chords 
varying  from  10  to  40  ft)  is  practically  all 
laminar  for  the  major  portion  of  a  typical  flight 
path  where  M  >10  and  Re/ ft  is  less  than  1  X  10®. 

A  theory  for  the  prediction  of  transi¬ 
tion  Reynolds  number  actually  does  not  exist, 


although  the  results  of  theoretical  investigations 
of  the  stability  of  the  laminar  boundary  layer  in 
a  compressible  fluid  (e.g.,  References  57  and 
58)  are  often  used  as  a  basis  for  such  predictions. 
This  theory,  which  is  also  limited  to  the  lower 
supersonic  Mach  numbers,  cannot  be  expected  to 
yield  more  than  qualitative  results  and  trends,  as 
it  is  based  on  a  linearized  method  of  small  dis¬ 
turbances,  while  transition  is  a  nonlinear  prob¬ 
lem  of  a  different  order.  Besides,  the  model  of 
boundary  layer  stability  is  only  an  approximation 
to  the  actual  mechanism  of  transition  which  is 
still  unknown. 

A  survey  of  experimental  data  on  deter¬ 
mination  of  the  transition  point  has  been  made 
and  the  results  are  summarized  in  Figures  30 
and  31.  As  can  be  seen  from  Figure  30  no 
sharply  definitive  results  can  be  found  because 
of  the  varied  tunnel  characteristics;  however, 
trends  can  be  established.  In  the  wind  tunnel, 
the  transition  point  is  located  through  examina¬ 
tion  of  the  plots  of  recovery  factor  or  skin  fric¬ 
tion  coefficient  versus  Reynolds  number,  or 
through  Schlieren  photographs  or  other  visual 
methods  such  as  china  clay,  etc.  For  firing 
range  flight  tests  suchasthose in  Reference  43, 
shadowgraph  methods  can  be  used  to  find  the 
transition  point  or,  if  telemetered  data  is  avail¬ 
able,  graphical  analyses  as  mentioned  above  are 
used. 

The  effects  of  various  parameters  on 
the  location  of  the  transition  point  has  been  in¬ 
vestigated  experimentally,  These  >-arameters 
include:  addition  and  removal  of  heat,  surface 
roughness,  angle  of  attack,  wind  tunnel  turbu  ■ 
lence,  free-stream  stagnation  pressures,  and 
leading  edge  thickness.  References  44  to  51 
found  that  heating  of  the  surface  results  in 
earlier  transition  while  cooling  has  the  reverse 
effect,  as  predicted  by  the  small  disturbance 
theory  cf  boundary  layer  stability  (cf.  Reference 
57).  However,  the  stabilizing  effect  of  heat 
removal  is  greatly  reduced  if  flow  disturbances 
are  present  such  as  those  caused  by  roughness, 
tunnel  turbulence,  or  transition-inducing  devi¬ 
ces  (References  44  and  45).  Reference 44 shows 
that  if  the  insulated  plate  friction  coefficient  is 
large,  the  transition  Reynolds  number  is  greatly 
influenced  by  heat  flow;  if  small,  heat  flow  ef¬ 
fects  are  greatly  reduced.  Increased  surface 
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Figure  30.  Transition  Reynolds  Number  from  Wind  Tunnel  Tests 
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Figure  31.  Transition  Reynolds  Number  from  Flight  Tests 
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roughness  results  in  earlier  transition;  as  does 
an  increased  angle  of  attack  upon  the  transition 
on  the  upper  surface  of  the  model  (as  illustra¬ 
ted  in  References  43,  52  and  53).  Transition 
Reynolds  number  increases  with  the  free-stream 
stagnation  pressure  and  also  with  the  leading 
edge  thickness  of  the  model,  according  to  Refer¬ 
ence  54.  Wind  tunnel  turbulence  may  have  a 
great  effect  upon  the  location  of  transition  areas, 
tending  to  decrease  the  transition  Reynolds 
number,  as  the  degree  of  turbulence  increases. 
Therefore,  wind  tunnel  resume  are  often  char¬ 
acteristic  of  the  tunnel  used,  since  stream- 
turbulence  is  a  function  of  the  tunnel  design.  In 
Reference  56,  a  conical  model  was  tested  in  var¬ 
ious  NACA  supersonic  wlndtunnels.  Tunnel  flow 
characteristics  were  so  varied  that  no  conclu¬ 
sive  results  could  be  found.  However,  in  most 
cases  at  least,  trends  can  be  established  through 
wind  tunnel  experimentation  even  though  specific 
data  may  be  questionable. 

It  seems  apparent,  therefore,  that  any 
reliable  Information  on  transition  point  must 
come  from  carefully  instrumented  and  analyzed 
flight  tests,  where  all  possible  controlling  fac¬ 
tors  are  considered.  These  are  needed,  partic¬ 
ularly  at  Mach  numbers  greater  than  three. 
There  seems  to  be  some  hope  that  with  research 
missiles  now  reaching  towards  Mach  ten,  that 
flight  test  transition  data  in  this  neighborhood 
will  be  available  in  the  near  future. 

f.  Transpiration  Cooling 

In  order  to  evaluate  the  merits  of  tran¬ 
spiration  cooling  as  a  method  of  alleviating  the 
high  temperatures  expected  on  some  local  areas 
of  hypersonic  aircraft,  it  is  necessary  first  to 
survey  and  summarize  the  theoretical  and  ex¬ 
perimental  literature  on  the  subject  and  to  re¬ 
duce  this  information  to  a  convenient  form  for  use 
in  design  study  calculations.  This  lias  been  done 
with  the  pertinent  information  available,  and  a 
tentative  procedure  was  developed  for  estimating 
the  effects  of  transpiration  cooling.  This  method 
will  be  presented  at  a  later  date  when  it  is  aug¬ 
mented  by  more  information,  particularly  ex¬ 
perimental,  which  it  is  expected  will  be  gained 
by  the  forthcoming  visits  to  research  facilities 
working  in  the  field  of  transpiration  cooling. 


The  practical  application  of  transpira¬ 
tion  cooling  involves  the  use  of  porous  materials 
and  coolants.  Investigations  of  the  characteris¬ 
tics  of  these  materials,  both  theoretical  and  ex¬ 
perimental,  are  reported  in  References  60 
through  73.  While  the  result  of  most  of  these 
investigations  are  concerned  with  hot-gas  flow 
through  tubes,  the  evaluation  of  the  character¬ 
istics  of  porous  materials  and  coolants  are 
useful. 

In  general,  if  such  a  cooling  method  is 
used,  it  is  felt  that  a  compromise  will  have  to  be 
made  between  the  desired  porosity  and  the  struc¬ 
tural  strength  of  porouB  materials.  For  example, 
two  common  methods  of  fabricating  porous  ma¬ 
terials  are  generally  used.  These  are:  (a)  the 
sintering  of  metal  powder,  with  an  added  vola¬ 
tile  agent,  such  as  ammonium  bicarbonate,  under 
high  pressures;  and  (b)  the  sintering  of  metal 
powder  with  no  agent  under  low  pressures.  In 
order  to  make  large  surfaces,  high  pressures, 
which  result  in  higher  tensile  strengths  and 
moduli,  will  have  to  lie  used.  However,  high 
pressures  result  in  reduced  porosity  and  per¬ 
meability,  and,  hence,  force  the  compromise. 
Porosities  of  from  40%  to  70%  will  probably 
be  of  the  most  use. 

The  choice  of  a  suitable  material 
becomes  important  since  an  Increase  in  porosity 
from  25%  to  40%  may  result  in  a  drop  of  approx¬ 
imately  80%  in  yield  strength,  and  a  drop  of  90% 
to  95%  in  modulus  of  elasticity.  In  several  of 
the  referenced  articles,  porous  specimens  of 
copper,  iron,  nickel,  stainless  steel,  and  a  cera¬ 
mic  material  were  Investigated.  Stainless  steel 
or  nickel  specimens  retain  a  fair  amount  of 
their  strength  while  providing  a  fair  amount  of 
porosity.  A  combination  of  medium-coarse 
metal  powder  and  a  fine-grained  volatile  agent 
seems  to  provide  good  permeability  and  yet 
would  have  fair  tensile  properties.  Reference 
67  suggests  that  wire  cloth  might  be  a  solution. 

The  permeability  of  a  porous  specimen 
was  found  to  vary  with  the  1/5  or  1/6  power  of 
the  porosity,  depending  upon  the  metal  used,  for 
a  given  coolant.  For  gaseous  coolants  flowing 
through  a  porous  wall  of  given  porosity,  the 
flow  rate  was  found  to  vary  almost  linearly 
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with  the  difference  between  the  squares  of  the 
pressures  on  either  side  of  the  wall.  For  li¬ 
quid  coolants,  it  is  theorized  that  the  flow  rate 
would  vary  with  the  pressure  drop  across  the 
wall.  Coolants  Investigated  included  hydrogen, 
nitrogen,  air,  and  water.  Although  liquid  cool¬ 
ants  are  more  effective  owing  to  their  latent 
heat  of  vaporization,  an  additional  problem  is 
inherent  in  their  use,  namely  the  fact  that  a 
liquid  flow  through  a  porous  wall  may  show  a 
marked  decrease  with  time  due  to  the  clogging 
of  the  pores  by  contained  solids  or  trapped 
filtered  gases.  This  effect  increases  with  a 
decrease  in  pore  size.  For  a  liquid  coolant  to 
be  effective,  it  should  have  as  high  a  heat  capa¬ 
city  as  possible,  with  a  low  vapor  temperature. 
Reference  73  suggests  that,  on  this  basis,  liquid 
hydrogen  would  be  a  good  choice.  Of  the  gaseous 
coolants  tested,  hydrogen  again  proves  best,  re¬ 
quiring  only  about  1/5  of  the  weight  flow  of  that 
of  nitrogen  to  maintain  a  given  characteristic 
temperature  ratio.  In  theory  and  experiment,  It 
has  been  exemplified  that  for  a  given  system 
this  characteristic  temperature  ratio 

)  is  a  function  only  of  the  ratio 

of  the  llow  rate  of  coolant  per  unit  area  to  the 
stream  Row  rate  per  unit  area.  This  latter  ratio 
is  dependent  upon  the  coolant,  wall  material, 
and  geometric  configuration  oi  the  surfaces,  al¬ 
though  Reference  66  states  that  the  material  in¬ 
fluence  is  secondary  in  nature. 

Difficulties  in  practical  application  of 
transpiration  cooling  arise  from  the  difficulties 
in  maintaining  a  deBired  coolant  flow  distribu¬ 
tion.  Variable  coolant  flow  is  obtained  by  vary¬ 
ing  either  or  both  porosity  and  thickness.  Ref¬ 
erence  61  states  that  thickness  effects  may  be 
approximated  by  existing  theory.  However  the 
obtaining  of  a  desired  porosity  in  a  surface  is 
very  difficult,  even  under  laboratory  conditions. 

g.  Wing  Aerodynamic  Characteristics  at 

Hypersonic  Speeds 

For  a  limited  region  of  the  hypersonic 
flight  regime  encounter'- J  by  the  MX -2278 
vehicle,  the  aerodynamic  characteristics  of 
wings  may  be  treated  theoretically  within  the 
concepts  of  continuum  flow  of  an  ideal,  invlscid 


gas  (Section  IV-B3b).  Within  this  region,  the 
shock  expansion  theory,  and  approximations  *o  it, 
may  be  expected  to  give  reasonably  accurate  pre- 
dictions,  for  airfoils  at  hypersonic  speeds,  of 
the  two-dimensional  lift,  drag,  and  moment  due 
to  aerodynamic  pressure  forces.  At  present,  the 
shock  expansion  theory,  and  the  theories  of 
Linnell  and  Dorrance  (References  74  and  75), 
which  are  basically  small-disturbance  approxi¬ 
mations  to  the  shock  expansion  theory,  appear 
most  favorable.  The  shock  expansion  theory, 
while  giving  the  most  accurate  results  is,  how¬ 
ever,  limited  in  its  application  to  generalized 
studies  because  of  the  labor  involved  in  de¬ 
termining  the  aerodynamic  characteristics  of 
arbitrary  airfoil  shapes.  The  small-disturbance 
theories  are  more  useful  in  this  respect,  in 
that  they  may  be  employed  to  give  the  gener¬ 
alized  characteristics  of  families  of  airfoil 
shapes,  provided  that  a  sufficient  degree  of 
accuracy  is  maintained  in  the  predictions.  As 
an  example,  the  section  lift  coefficient  of  a  4%- 
thlck  half-diamond  airloil  has  been  calculated 
over  a  Mach  number  range  of  4  to  20.  These 
results  appear  in  Figure  32.  As  is  seen,  the 
method  of  Linnell  agrees  very  well  with  the  more 
exact  shock-expansion  theory,  while  the  results 
given  by  the  method  of  Dorrance  are  less  accu¬ 
rate,  even  in  the  lower  Mach  number  range  for 
which  it  was  intended  (Reference  75). 


Figure  32.  Comparison  of  Various  Methods  for 
Predicting  Wing  Lift 
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As  an  example  of  the  nondimension- 
alized  form  in  which  the  small -disturbance 
theory  may  be  presented,  the  section  lift  co¬ 
efficients  for  half-diamond  airfoils  of  arbitrary 
thickness  are  presented  in  Figure  33. 

As  explained  in  Section  IV-B3b  of  this 
report,  the  region  of  utility  of  the  aerodynamic 
theory  based  on  the  concept  of  continuum  flow  of 
an  ideal,  inviscid  gas  may  be  extended  somewhat 
into  those  flight  regimes  where  the  effects  of 
fluid  viscosity  become  Important,  by  considering 
an  effective  change  in  the  aerodynamic  contour 
due  to  thickening  of  the  viscous  boundary  layer. 
The  presently  available  data  on  the  character¬ 
istics  of  airfoils  at  hypersonic  velocities  have 
been  obtained  from  tests  conducted  at  a  Mach 
number  and  Ileynolds  number  at  which  the  effect 
of  a  thickened  boundary  layer  should  be  con¬ 
sidered,  and  hence  do  not  ailowthe  direct  evalu¬ 
ation  of  the  Inviscid  theory  Itself.  At  the  present 
time,  the  computation  of  the  effects  of  a  thickened 
boundary  layer  has  not  been  completed. 

However,  in  order  to  present  a  quasi 
evaluation  of  the  two-dimensional  inviscid  theory 
without  boundary  layer  correction,  a  comparison 
is  made  in  Figure  34  of  the  Inviscid  two  di¬ 
mensional  method  of  Linnell  with  the  experi¬ 
mental  data  of  Hefercnce  76  for  an  aspect  ratio 
1.0  wing  with  a  half-diamond  airfoil  section. 
The  experimental  wing  lift  coefficients,  which 
are  given  from  three-dimensional  force  data 
and  also  from  integrated  two-dimensional 
pressure  distributions,  give  reasonable  agree¬ 
ment  with  Ltnneil's  inviscid  method.  Further¬ 
more,  the  comparison  of  the  two-dimensional 
pressure  data  and  the  three-dimensional  force 
data  indicate,  as  do  other  available  tests  of 
various  wings,  that  at  hypersonic  speeds  the 
effects  of  wing  planform  on  the  aerodynamic 
characteristics  of  the  wing  are  small,  and  that 
the  major  considerations  are  the  effects  of  wing 
section  profile  and  thickness.  This  gives  a 
general  validation  to  the  presently  accepted 
practice  of  predicting  the  hypersonic  character¬ 
istics  of  three-dimensional  wing  from  two- 
dimensional  theory.  Until  a  better  method 
becomes  available,  the  two-dimensional  method 
of  Linnell,  which  allows  the  rapid  evaluation 


Figure  33.  Two-Dimcn^.  _nal  Lift  Coefficients 
of  Half  Diamond  Airfoils  at  Hypersonic  Speeds 


Figure  34.  Comparison  of  Theorectical  and 
Experimental  Lilt  of  a  Half  Diamond  Airfoil 
with  a  5%  Thickness  Ratio 


I 

I 

J 


50 


Report  No.  D1 43-945-011 


SECRET 


SECRET 


of  wing  section  characteristics,  appears  ade¬ 
quate  for  determining  the  characteristics  of 
wings  in  continuum  flow. 

h.  Body  Aerodynamic  Characteristics  at 

Hypersonic  Speeds 

Methods  are  available  by  which  the 
body  characteristics  may  be  determined  in  the 
field  of  continuum  flow  of  an  Ideal  inviscld  gas. 
However,  with  the  exception  of  cone  flow,  the 
labor  and  complexity  involved  has  prevented  the 
application  of  such  approaches  to  the  determin¬ 
ation  of  the  aerodynamic  parameters  in  hyper¬ 
sonic  flow’.  In  order  to  circumvent  this  diffi¬ 
culty,  the  Newtonian  impact  theory  has  been 
widely  applied  by  many  authors  (despite  the 
questionable  nature  of  the  foundation  of  this 
theory),  with  the  Justification  that  relatively  good 
agreement  is  obtained  wivh  the  available  experi¬ 


mental  data.  It  should  be  noted  that  this  justi¬ 
fication  is  valid  only  in  the  region  of  Mach 
number  and  Reynolds  number  in  which  ideal 
inviscid  continuum  flow  also  applies,  since  it  is 
in  this  area  that  the  available  experimental  data 
have  been  obtained. 

In  order  to  establish  a  background  of 
what  is  known,  a  review  of  the  currently  avail¬ 
able  test  data  pertaining  to  L/D  has  been  carried 
out.  Lift  and  drag  data  (and  thuB  L/D)  are 
available  to  a  Mach  number  of  7;  a  few  test 
points  of  zero  lift  body  data  extend  to  a  Mach 
number  of  10. 

Some  systematic  configuration  testing 
has  :  done  between  Mach  numbers  3  and  7 

in  Leiorences  79  through  86.  Typical  body 
shapes  of  these  tests  are  shown  in  Figure  35. 
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Figure  35.  Hypersonic  Body  Shapes  Tested 
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Maximum  L/D  ratios  are  plotted  in 
Figures  38  and  37  tor  bodies  of  various  nose 
and  afterbody  fineness  ratios,  cross  sections 
and  Mach  numbers.  Indications  from  these  data 
are  that  the  maximum  L/D  is  greatly  influenced 
by  the  nose  fineness  ratio  while  the  afterbody 
fineness  ratio  is  less  important.  Mach  number 
is  shown  to  have  little  or  no  effect.  This  figure 
also  shows  that  flat  bottomed  bodies  with  cone- 
cylinder  upper  surfaces  have  somewhat  lower 
maximum  L/D  ratios  at  supersonic  speeds. 
This  trend  seems  to  be  reversing  at  the  low 
hypersonic  speeds.  In  both  cases  the  body  lift 
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Figure  36.  Variation  of  Body  L/D  with 

max 

Afterbody  Fineness  Ratio,  Nose  Fineness 
Ratio,  and  Mach  Number 

52 


at  maximum  L/D  is  generally  higher  for  the 
flat-bottomed  body  than  the  body  of  revolution. 
Fattening  of  the  flat-bottomed  body  cross  section 
to  make  approximately  semi-elliptical  cross 
sectioned  bodies  or  wedge-shaped  bodies  (tending 
to  approach  very  low  aspect  wings)  increases 
the  maximum  L/D  ratio  over  that  of  a  body  of 
revolution.  It  should  be  noted  that  the  base  drag 
is  not  Included  in  the  L/D  values  shown. 

Maximum  L/D  ratios  for  various  cross 
sectioned  bodies  with  a  fineness  ratio  of  approxi¬ 
mately  10  and  at  several  Mach  numbers  are 
plotted  in  Figure  38.  Also  shown  in  this  figure 
are  maximum  L/D  ratios  fo"  wings  with  various 
section  profiles  and  a  constant  thickness  ratio 
of  5  percent  (References  86  and  76),  The  one 
known  wing-body  combination  test  at  a  low  hyper¬ 
sonic  Mach  number  is  also  included  (Reference 
90).  This  figure  shows  the  same  trends  as 
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Figure  37.  Variation  of  Body  L/D  with 
6  max 

Afterbody  Fineness  Ratio,  Nose  Fineness 

Ratio,  and  Mach  Number 

Report  No.  D1 43-945-011 


SECRET 


SECRET 


mentioned  above  and  in  addition  points  out  the 
relative  aerodynamic  efficiencies  of  bodies  and 
wings. 

Comparisons  of  theoretical  and  experi¬ 
mental  body  aerodynamic  coefficients  for 
several  bodies  and  Mach  numbers  (presented  in 
References  81,  85  and  86)  arc-  plotted  in  Figures 
39,  40,  and  41. 


4 

Ck 

■F  R*T 

$ 

O 

-o 

•  FR  »0 

s 

( 

0  ] 
0 

•  f  R*3 

l 

g 

0  ^ 

i  e  >  <  9  •  r  • 

macm  number 


legend  for  bodies  * 

O  CIRCULAR  CROSS  SECTION 
Q  SEMI-CIRCULAR  CROSS  SECTION 
0  FLAT  BOTTOM  INSCRlflEO  CONE  - 
CYLINDER  -  V  SECTION 
Q  SEMI  -  ELLlPT  ICAL  CROSS  SECTION 
O  WE00E  SECTION  (NOSE  ONLY) 

•  NOSE  FINENESS  RATIONS  0 
AFTERBODY  FINENESS  RATIO*SO 
UNLESS  OTHERWISE  NOTED 


LEOCND  FOR  WINOS  • 

O  SYMMETRICAL  OOUBLE  WEDOt  SECTION 
A  HALF  DOUBLE  WEDOE  SECTION 
<  WEDOE  SECTION 
a  HALF  CIRCULAR  ARC  SECTION 
•THICKNESS  RATlO**0  05 


LEGEND  FOR  WING- BOO'  COMBINATIONS 
-O-  CIRCULAR  CROSS  SECTION  (b/d“l  4) 


Figure  38.  Variation  of  Body  and  Wing  L/D 

UlaX 

with  Mach  Number  and  Cross  Section 


Figure  39.  Comparison  of  Theoretical  and 
Experimental  Body  Aerodynamic  Coefficients 
at  M  =  6.3 


Figure  40.  Comparison  of  Theoretical  and 
Experimental  Body  Aerodynamic  Coefficients 
at  M  =  6.9 
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Figure  41.  Comparison  of  Theoretical  and  Experimental  Body 
Aerodynamic  Coefficients  at  M  =  6.9 
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I.  GENERAL 


The  primary  objectives  of  the  MX-2271 
Structures  study  are  as  follows:  (1)  establisl 
the  basic  criteria  which  will  govern  the  at  rue- 
Uiral  design  of  the  vehicle;  (2)  assemble  typica 
loads  analysis  methods  which  will  be  used,  am 
preliminary  loads,  where  possible;  (3)  colleci 
mechanical  and  physical  property  data  on  ma- 
terials  considered  applicable  to  the  vehicle; 
(4)  study  methods  of  insulatingandcooMngwhicl 
may  be  used  to  obtain  the  required  heat  pro¬ 
tection;  and  (5)  apply  the  foregoing  methods  ol 
analysis,  and  data,  In  sample  preliminary  struc¬ 
tural  analyses  to  verify  the  internal  structural 
configurations  and  weights  of  the  original  pro¬ 
posal  (Reference  1),  Under  each  of  the  above 
objectives  a  number  of  study  items  are  in¬ 
vestigated.  These  are  broadly  summarized  in 
the  following  paragraphs. 


New  environmental  conditions,  as  well  as 
unique  performance  characterises,  demand  a 
close  scrutiny  of  basic  criteria  assumptions 
For  conventional  aircraft,  for  example,  gust- 
environment  conditions  as  well  as  performance 
levels  and  maneuver-condition  combinations  are 
stipulated  in  experience -proven  specifications. 
Since  the  MX-227C  vehicle  probes  into  regions 
beyond  those  covered  by  present  aircraft  design 
specifications,  a  logical  set  of  gust  design  con¬ 
ditions  and  environment  must  be  established. 
The  required  maneuvers  differ  considerably 
from  those  of  conventional  piloted  aircraft,  re¬ 
quiring  evaluation  and  selection  of  reasonable 
condition  combinations.  Likewise,  stage-sepa¬ 
ration  conditions  must  be  selected  to  suit  the 
vehicle  configuration. 


Loads  analysis  methods  of  an  "unconven¬ 
tional"  nature  are  Involved  with:  centrifugal 


forces  in  flight-loads  equations,  Corioiis-force 
effects,  separation  loadB,  unique  handling-con¬ 
dition  loads,  and  hypersonic  flight-load  magni¬ 
tudes  and  distributions.  These  are  studied 
either  in  general  terms,  or  relative  to  the 
original  vehicle  configuration  defined  in  Refer¬ 
ence  1. 


A  survey  was  made  of  technical  literature, 
catalogs,  and  brochures  to  collect  data  neces¬ 
sary  for  an  evaluation  of  materials  for  use  in 
the  MX-2276  airframe.  The  materials  con¬ 
sidered  include  boin  the  well-established  ma¬ 
terials  -  aluminum,  magnesium,  and  the  alloy 
steels  —  and  also  the  more  recent  develop¬ 
ments  such  as  temperature-resistant  plastics, 
titanium,  high-temperature  alloys,  and  cer¬ 
amics.  Properties  are  also  presented  for  fluids 
suitable  for  use  In  structural  cooling  systems, 
and  for  low-conductivity  material's  which  may 
serve  as  insulators.  The  structural  material 
properties  are  presented  on  curves  of  structural 
parameters  vs  temperature  to  be  used  in  air¬ 
frame  weight  comparisons. 


Theoretical  material  is  provided  to  de¬ 
velop  means  for  rapidly  comparing  various 
types  of  insulation.  Both  radiation  and  con¬ 
duction  barriers  are  considered  and  curves  de- 
veloped  to  expedite  the  numerical  work.  With 
the  aid  of  these  curves,  the  insulation  neces¬ 
sary  to  achieve  a  specified  structural  tempera¬ 
ture  in  a  given  time,  and  with  a  given  structural 
configuration,  may  be  quickly  determined.  With 
the  aid  of  these  curves  preliminary  designs  of 
insulation  have  been  developed  suitable  for  the 
protection  of  an  MX-2276  Structure  in  a  variety 
of  materials. 

.  J  10  the  subsections  which  follow,  these 

study  items  which  have  been  completed  In  the 
first  half  of  the  study  phase  are  presented  under 
the  appropriate  primary-objective  heading. 
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Naturally,  a  number  of  voids  are  evident,  but 
no  attempt  has  been  made  to  summarize  the 
status  of  study  items  which  have  been  only 
partially  explored.  However,  in  Section  VI 
there  is  included  a  listing  (by  subject  heading) 
of  the  study  items  still  to  be  completed.  Since 
the  last  primary  objective  (structural  analysis 
of  vehicle  configurations)  is  to  be  accomplished 
virtually  at  the  end  of  the  study,  no  stress 
analysis  material  is  included  in  this  report. 


2  CRITERIA  AND  LOADS 

a.  Atmospheric  Data 

The  initial  MX-22T0  flight  path  as  pro¬ 
posed  in  Reference  1  reaches  altitudes  up  to 
259,000  feet.  Future  proposals  including  orbital 
flight  may  cover  altitudes  as  high  as  100  miles 
or  more.  Research,  showing  typical  upper  at¬ 
mosphere  properties,  is  summarized  in  Refer¬ 
ences  94  through  101.  The  typical  values  of 
temperature  and  pressure  taken  from  these 
references  lor  use  In  loads  analysis  are  pre¬ 
sented  In  Figure  42  for  the  altitudes  under  in¬ 
vestigation.  Seasonal  or  geographic  variations 
are  not  included  since  they  do  not  materially 
affect  structural  design. 

b.  Design  Gust  Velocities 

Gusts  at  moderate  altitudes  (0-50,000 
feet)  are  well  defined  by  current  government 
documents  and  specifications  such  as  Refer¬ 
ences  102  and  103.  While  some  information 
on  high-altitude  atmospheric  properties  has 
recently  become  available,  knowledge  of  upper 
atmosphere  disturbances  is  still  limited.  Gust 
intensities  and  frequencies  are  known  to  vary 
direclly  as  a  function  of  the  local  thermal  dis¬ 
turbances  and  air  density.  The  lower  atmosphere 
close  to  the  unstable  thermal  surface  of  the 
earth  is  the  region  most  likely  to  contain  severe 
gusts.  By  contrast,  the  upper  atmosphere 
(100,000  feet  and  up)  is  subject  only  to  the 
steady  thermal  variations  of  day  and  night  with 
little  or  no  cloud  effects.  Additional  disturbances 
ere  caused  by  meteor  flights,  but  these  have  an 


aggregate  effect  which  is  insignificant  compared 
to  the  mass  of  air  involved. 

Wind  phenomena  are  closely  allied  to 
gusts  when  there  are  wind  velocity  and  direc¬ 
tion  differences  in  strata  through  which  the 
vehicle  passes  at  high  velocities.  A  compila¬ 
tion  of  wind  velocities  at  various  altitudes  is 
shown  in  Figure  43.  These  values  when  reduced 
to  comparable  equivalent  velocities  show  high 
equivalent  wind  velocities  at  low  altitudes  and 
considerably  smaller  equivalent  velocities  at 
high  altitudes.  A  direct  relation  between  low 
altitude  winds  and  guBts  is  evident  and  at  present 


or  HI 


Figure  42.  Typical  Upper  Atmosphere 
Characteristics 
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CURVE 


PROBABLE  MEASURED 
WINO  VELOCITY 


1  100%  5  50% 

2  99.6%  6  100% 

3  50%  7  100% 

4  50%  8  AVERAGE 


Figure  43.  Typical  Design  Gust  Velocities  vs  Altitude 
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there  is  no  reason  to  believe  that  this  relation¬ 
ship  does  not  also  exist  at  high  altitude.  Ac¬ 
cordingly,  in  the  absence  of  detailed  knowledge 
of  the  wind  "fringe  gradient”  at  high  altitudes, 
the  wind  velocity  is  treated  as  equivalent  to  a 
sharp-edged  gust  velocity. 


From  the  foregoing  reasoning,  the 
well  established  gust  criteria  of  Reference  103 
for  conventional  aircraft  design  altitudes  is 
extended  to  include  high-altitude  gusts  (winds). 
Figure  4  of  Reference  103  specifies  that  the 
gust  velocities  at  higher  altitudes  are  reduced 
by  the  ratii  of  <r,/z  at  altitude  to  at 
35,000  feet.  At  102,000  feet  altitude  such  a 
procedure  results  in  a  10  ft/sec  equivalent  gust 
at  35,000  feet.  The  10  ft/sec  gust  velocity 
represents  a  conservative  gust  condition  derived 
from  recent  NACA  data.  Current  investigations 
have  not  shown  gusts,  or  winds,  of  greater  mag¬ 
nitude  at  altitudes  over  100,000  feet,  and  there¬ 
fore  in  this  criterion  the  10  ft/sec  equivalent 
gust  Is  retained  until  an  altitude  of  248,000  feet 
*"  reached.  At  this  point,  the  true  gust  velocity 
is  equal  to  the  rotational  speed  of  the  earth's 
surface  at  the  equator.  This  high  velocity  is 
considered  to  be  a  sufficient  upper  limit  for 
gUBt  velocities  at  246,000  feet  and  above,  since 
jet  stream  and  other  high  altitude  wind  velocity 
data  do  not  indicate  greater  true  velocities  than 
thOBe  obtained  from  the  foregoing.  These  design 
gust  velocities,  as  well  as  the  proportionate 
velocities  for  a  75  ft/sec  equivalent  gust  at 
35,000  feet,  are  shown  in  Figure  43. 


c.  Gust  Load  Calculations 

The  nomenclature  for  this  section  is 
presented  in  Table  IV.  The  lift  curve  slope 
variation  with  Mach  number,  which  already  is 
well  defined  by  transonic  and  supersonic  re¬ 
search,  is  presented  as  a  typical  relationship 
in  Figures  44  and  45.  This  curve  is  used  in 
solving  for  A  n  at  transonic  and  supersonic 
speeds  by  the  method  described  below.  If  the 
lifting  surface  in  question  is  swept  back,  the 
peak  Mach  number  effect  will  be  shifted  in  the 
direction  of  increasing  Mach  numbers.  This 
shift  must  be  determined  for  each  swept  wing 
configuration. 


TABLE  IV. 


a 


R  *' 


c 


8  = 

h  - 


An  = 
An*  = 


S  = 

U  = 


w  = 


a  = 

8  - 

P  = 

a  = 


NOMENCLATURE  FOR  GUST  LOAD 
CALCULATIONS 


~t—  Lift  coefficient  slope 
da 

a 

aFig.  44 

Mean  chord  of  wing 

Lift  coefficient 

Gravity  acceleration 
Altitude 

Gust  alleviation  factor 


Gust  shape  factor 


a 

8 


Acceleration 

Gravitational 

acceleration 


=  Load  factor 


Gust  load  factor 

Specific  gust  load  factor 
(Figures  46  and  47) 

Area  of  lift  surface 

Gust  velocity 

True  gust  velocity 

Flight  velocity 
True  flight  velocity 


Weight 

Angle  of  attack 

. ,2W _  =  Mass  ratio 

PS  c  a  S 

Density  of  atmosphere 

P'P0 
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Figure  44.  Mach  Number  Effect  on  Lift 
Curve  Slope 


n  *  w  «cu*  al0  *  *  VT* x  8*  cL*  -Hi.  x  *  VTZ  «  s 

The  subscript  1G  refers  to  Steady  state  load 

conditions  at  lg.  uT  *  vT  *  a  x  p  %  s 

n  »  n.aA— l - - - l - 

is  2W 

introducing  Kj  x  Kg  and  converting  to  equiva¬ 
lent  velocities 

(MKzHUTcr'^KVxor'^la,,  (MIL-S-5702) 
n'ni#i  496  W/S  P  (Knots) 

By  rearranging  the  above  equation,  Figures  44, 
45,  and  46  can  be  used  to  obtain  a  gust  load 
factor. 


-—MASS  RATIO  fVpfsfir 


Figure  45.  Alleviation  Factor  (Subsonic) 


At  Bubsontc  speeds  and  low  altitudes 
the  alleviation  factor,  Kj,  is  significant,  but  at 
supersonic  speeds  and  high  altitudes  the  mass 

2  w 

ratio  (Mo*  pgtoT >  uPon  which  11  18  based  be¬ 
comes  very  large  so  that  Kj  approaches  0.88. 
Therefore,  it  is  not  unduly  conservative  to  con¬ 
sider  Kj  =  1  for  supersonic  speeds.  The 
second  factor,  Kg  -  (0.75  +  3.0/ug),  indicates 
the  gust  shape  which  is  usually  considered  a 
(1  -  cos)  function.  However,  lack  of  any  re¬ 
liable  data  on  high  altitude  gust  shapes  re¬ 
quires  that  a  sharp-edge  gust  be  assumed  so 
that  Kg  =  1.0. 

With  these  principal  variables  defined, 
it  is  possible  to  simplify  the  gust  load  equa¬ 
tions  for  use  at  high  altitudes  and  speeds.  The 
evolution  of  the  basic  gust  load  equation  follows: 


n  =  An*  xaRx|K]  x  Kg) 

where  An*  -  (UT<rl/2  x  v T<r1/2  xh|) 
taken  from  Figure  46  for  a  given  N,  h  ,  W/S 
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a  r  is  obtained  from  Figure  44  for  a  given  M 
or  from  a  similar  curve  derived  for  a  specific 
wing 

a 

aR  * - 

a  FI0.44 

(Kq  x  K2)  is  taken  from  Figure  45  for  subsonic 
flight  and  considered  equal  to  1.0  for  super¬ 
sonic  flight. 

Figures  46  and  47  combine  the  gust  velocity 
variation  with  altitude  shown  in  Figure  42  with 
the  altitude  variation  of  air  density.  Only  a 
wing  loading,  W/S,  value  is  necessary  to  get  a 
Any*  for  any  Mach  number  and  altitude.  Figure 
46  also  serves  to  illustrate  the  very  low  mag¬ 
nitude  of  gust  load  factor  at  altitudes  above 
100,000  feet.  Depending  upon  the  gust  fre¬ 
quencies,  the  small  load  factors  may  have  some 
structural  fatigue  significance,  or  possibly  re¬ 
sult  in  significant  design  loads  when  combined 
with  maneuver  loads  at  large  gross  weights. 

d.  Flight  Path  Loads 

A  summary  of  the  various  factors  nec¬ 
essary  for  deriving  programmed  flight  loads 
is  presented  In  Figure  48.  These  values  are 
taken  from  Reference  1  and  are  typical  for  a 
three-stage  configuration  as  is  initially  being 
considered.  Neglecting  the  increase  in  pressure 
thrust  due  to  increase  in  altitude,  the  nxW 
curve  of  Figure  48  shows  that  the  critical  axial 
accelerations  occur  at  burnout  for  each  stage. 
As  a  result  of  the  planned  programming,  the 
axial  acceleration  forces  are  by  far  the  largest 
encountered.  Therefore,  the  Initial  flight  load 
investigation  is  particularly  concerned  with  axial 
forces  ar.'1  moments  for  each  stage,  combined 
and  separate. 

Centrifugal  force  effects  are  also  in¬ 
vestigated  in  order  to  provide  a  foundation  for 
contemplated  loads  studies  of  this  and  other 
configurations.  To  the  afore-mentioned  load 
effects  will  be  added  appropriate  magnitude  of 
gust  increment  loads. 

(1)  Axial  Accelerations 

Assuming  a  free  falling  flight  path, 
zero  angle  of  attack,  and  no  steering  force, 
permits  simplified  conservative  determination 


of  the  axial  thrust,  mass-inertia,  and  aero¬ 
dynamic  drag  forces.  When  considering  thrust, 
it  is  Bell  Aircraft's  practice  (based  upon  ex¬ 
tensive  rocket  engine  design  experience)  to 
use  a  limit  thrust  load  factor  of  1.5  for  rocket 
engine  start  conditions  and  1.1  for  steady 
operation  conditions  .  However,  with  the  large 
number  of  variable  thrust  rockets  contemplated 
for  the  MX-2276  vehicle,  it  is  reasonable  to 
expect  that  hard  starts  will  occur  at  low  thrust 
levels  so  that  the  1.1  limit  thrust  load  factor 
can  be  applied  to  all  rocket  engine  operating 
conditions  with  full  thrust  assumed. 

The  data  presented  in  Table  V 
summarize  the  axial  force  factors,  stage  and 
interstage  loads,  as  well  as  the  axial  force 
moments  about  the  center  of  gravity  for  which 
the  critical  flight  conditions  of  take-olf,  Stage 


Figure  47.  Gust  Load  Nomogram 
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I,  and  Stage  II  are  evaluated.  Such  axial  loads 
design  body  sections  and  may  have  appreciable 
effect  on  design  of  the  lifting  surfaces,  especially 
In  balancing  the  axial  force  moments.  These 
accelerations  are  not  treated  in  further  detail 
at  present  in  view  of  future  studies  of  other 
configurations,  flight  paths  and  the  possibility 
of  canting  the  motors  to  reduce  these  moments. 
Condition  2,  Stage  I  cutoff  with  limit  thrust 
factors  of  1.1  applied  to  both  Stage  I  and  II 
operation,  shows  some  of  the  largest  forces 
and  moments  about  the  eg.  By  assuming  drag, 
thrust,  and  mass  to  be  distributed  linearly 
across  the  depth  of  each  stage,  Figure  49  is 
drawn  to  provide  a  first  approximation  to 
axial  acceleration,  force,  and  moment  distri¬ 
butions. 


(2)  Centrifugal  Forces 

The  vehicle  in  two-dimensional 
flight  is  subject  to  three  acceleration  systems: 
a  centrifugal  force  acting  perpendicular  to  the 
earth's  surface,  a  second  centrifugal  force  per¬ 
pendicular  to  those  portions  of  the  flight  path  not 
parallel  to  the  earth's  surface,  and  the  accel¬ 
eration  along  any  tangent  to  the  flight  path. 
The  two  centrifugal  force  systems  are  analyzed 
briefly,  and  the  tangential  acceleration  Is  shown 
as  part  of  the  total  balance  equation. 

If  atmospheric  effects  are  neglected 
any  mass  leaving  the  earth's  surface  has  an 
initial  tangential  velocity  equal  to  the  earth's 
surface  velocity.  If  there  were  no  gravitational 


TABajE  V. 

INTERSTAGE  ACCELERATION  LOADS 


Axial  Force 

CONDITION 

Shear  Loads 

Moment 

Axial  Force  Factors 

Between  Stages 

About  eg 

T 

n 

D 

(M> 

Thrust 

Accel. 

Drag 

I  Si  II 

11  &  III 

y 

Multi- 

Gravl- 

Gravl- 

1000  lb 

1000  lb 

lo6  ft-lb 

plying 

tics 

ties 

Factor 

1.  Take-Off 

1.0  I 

1.3S 

0 

20 

60 

+0.02 

1.0  11 

1.1  I 

1.1  n 

1.48 

0 

30 

70 

+0.78 

2.  I 

1.0  I 

3.0 

0.15 

375 

150 

+4.6 

Cut-Off 

l.o  n 

i.i  i 
i.i  ii 

3.25 

0.20 

415 

170 

+5.1 

i.i  i 

l.o  n 

3.20 

0.20 

425 

165 

+5.2 

3.  n 

Cut-Off 

i.i  ii 

4.0 

0.4 

- 

195.0 

+1.4 

I 

I 

I 

I 

i 

I 

I 

i 

I 

I 
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Figure  49.  Typical  Axial  Acceleration  Forces 


attraction  present,  the  mass  would  continue  on 
a  straight  path  with  Ub  velocity  equal  to  the 
earth's  surface  velocity.  However,  the  in¬ 
fluence  of  gravity  serves  to  make  the  mass 
part  of  the  earth's  rotating  system.  A  centri¬ 
fugal  force  which  acted  at  the  earth's  surface 
continues  to  act  on  the  free  body  according  to 
the  following  equation: 


(The  nomenclature  for  this  section  is  defined 
in  Table  Vi.) 


Those  curvilinear  portions  of  the 
flight  path  not  parallel  to  the  earth's  surface 
are  subject  to  an  additional  centrifugal  force 
which  is  dependent  upon  the  curvilinear  velocity 
component  resulting  from  separating  the  ter- 
restial  angular  velocity  component  from  the  total 
flight  path  angular  velocities.  A  graphical 
illustration  of  these  relations  is  shown  in 


TABLE  VI.  NOMENCLATURE  FOR  CENTRIFU¬ 
GAL  EFFECT  AND  FLIGHT  PATH  BALANCE 


CD  =  Drag  coefficient 

C^  =  Lift  coefficient 

D  =  Drag 

FT  =  Inertial  Force  tangential  to  Flight  Path 


‘N 

FR 

frt 

F 

RN 

e 

h 

L 

m 

nT 

nN 

"r 

nRT 

°RN 

q 

r 

R 

S 

T 

Vm 


'H 

W 

AW 


=  Centrifugal  (Inertial)  force  normal  to 
flight  path 

=  Centrifugal  force  due  to  Curvature  of 
earth  surface 

=  Tangential  flight  path  component  of 
FR 

=  Normal  flight  path  component  of  Fn 

H 

=  Gravity  acceleration 
=  Altitude 
=  Lift 

-  Mass 

=  Acceleration  factors  from 

T 

=  Acceleration  factors  from  FR 

=  Acceleration  factors  from  F„ 

R 

=  Acceleration  factors  from  F„„ 

RT 

=  Acceleration  factors  from  FRN 

=  Dynamic  pressure 
=  Radius  of  flight  path 
=  Radius  of  earth  surface 
=  Lift  surface 
=  Thrust 

=  Velocity  tangential  to  flight  path 
=  Horizontal  velocity 

-  Weight 

=  Decreasing  of  weight  during 
burning  time 
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TABLE  VI.  NOMENCLATURE  FOR  CENTRIFU¬ 
GAL  EFFECT  AND  FLIGHT  PATH  BALANCE 
(CONT) 

a  =  Angle  of  attack 

6  =  Angle  of  longitude 

p  »  General  radius 

^  =  Angle  of  flight  path  tangent  vs. 

earth  surface 

w  =  Angular  velocity 


Figure  SO.  The  basic  centrifugal  force  relation 
is: 


For  the  specific  flight  path  conditions  the 
centrifugal  effect  can  be  separated  in  two 
components  FN  and  Fr  as  shown  in  Figure 
50a  where  centrifugal  force  normal  to  flight 
path  (in  direction  of  flight  path  radius)  is: 

Fn  .  mVT4> 

Centrifugal  force  due  to  earth's  surface  curva¬ 
ture  is: 


The  earth's  rotational  velocity  may  be  added 
to  $  . 


The  centrifugal  effect  caused  by 
curvature  of  earth's  surface  (Fr)  Is  shown  In 
Figure  51  as  percent  lift  for  a  given  altitude 
and  a  horizontal  velocity  (Vr).  The  MX-2276 
operates  up  to  h  =  100  km.  In  this  region  the 
altitude  is  insignificant  for  the  centrifugal  effect 
caused  by  earth  surface  curvature.  Figure  52 
gives  the  values  for  the  MX-2276  region. 

The  diagram  for  all  flight  path  for¬ 
ces,  including  centrifugal  forces  is  shown  in 
Figure  50b.  The  equations  for  these  are  pro¬ 
vided  below. 


Flight  path  balance: 

Tangential  Forces 

tt  +  wT  +  5  +  ft  =  0 

Normal  Forces 

Tjj  +  Wjq  +  L  +  Fr  +  Fjj  ~  0 

The  tangential  and  normal  load  fac¬ 
tors  from  the  flight  path  balance  are: 


nT  = 


Tt  +  WT  4  D 
W 


"n 


T  +  W  +  L  +  F 
N  N  RN 

W 


Figure  50.  Flight  Forces 
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HORIZONTAL  VELOCITY,  V„~  1000  TT/«EC 


Figure  51.  Centrifugal  Component  Art 
for  Horizontal  Velocity 


Figure  52.  Centrifugal  Component  for 
Horizontal  Velocity  (for  Altitudes  up  to 
100  km) 


where 

T  =  T  coi  o  Tangential  to  flight 
T  path 

T„  =  T*ln  a  Normal  to  flight  path 
N 

w_=  W.«ln  ^  Tangential  to  flight 
T  h  path 

a  W^co*  £  Normal  to  flight  path 

wh  “  ,w0  -  'FTh'2 


5  =  D  =  CD  .  q  .  S 

L  =  L  =  CL  .  q  .  3 


W  =  m  .  VT  .  9 
Normal  to  Flight  Path 


F_  =nT.W  Tangential  to 
T  1  flight  path 


3.  STRUCTURAL  MATERALS 

a.  Basic  Considerations 

The  choice  of  a  material  for  a  particu¬ 
lar  engineering  application  Inevitably  requires 
consideration  of  many  factors,  and  usually 
evolves  Into  a  compromise  between  desirable 
and  undesirable  characteristics.  In  the  particu¬ 
lar  case  of  the  MX-2276  third  stage,  two  addi¬ 
tional  features  are  present  which  make  the 
problem  of  material  selection  much  more  dif¬ 
ficult  and  at  the  same  time  much  more  Import¬ 
ant. 
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The  first  of  these  features  is  the  effect 
on  the  airframe  of  the  aerodynamic  heatlngpro- 
duced  by  the  hypersonic  speeds.  Aerodynamic 
heating  greatly  extends  the  range  of  materials 
to  be  considered  since  these  must  now  include 
insulating  materials  and  cooling  fluids  as  well 
as  special  alloys  developed  for  high-tempera¬ 
ture  strength,  This  heating  also  Increases 
the  number  of  material  characteristics  that 
must  be  considered  since  high  temperatures 
produce  not  only  reduced  strength  and  stiffness 
in  most  materials  but  also  such  other  effects  as 
thermal  stresses,  creep,  oxidation,  and  erosion. 

The  second  feature  peculiar  to  the 
third  stage  is  the  tremendous  importance  of 
weight.  Weight  is,  of  course,  significant  in  any 
airframe,  but  the  increased  importance  of  weight 
in  the  third  stage  of  MX-2276  is  well  illustrated 
by  the  fact  that  the  saving  of  one  pound  of  weight 
in  this  stage  will  reduce  the  total  take-off  weight 
of  the  combined  configuration  by  approximately 
40  pounds.  This  fact  not  only  makes  a  careful 
evaluation  of  material  properties  necessary  but 
also  changes  considerably  the  compromises 
mentioned  In  the  first  paragraph. 

As  might  he  expected  In  the  present 
state  of  the  art,  the  amount  of  Information 
available  diminishes  both  as  higher  tempera¬ 
tures  are  approached  and  also  as  the  newer 
materials  are  considered.  This  is  particularly 
true  in  connection  with  properties  such  as 
fatigue  strength,  creep  resistance,  etc.,  which 
not  only  require  more  extensive  test  programs 
than  simple  tension  or  compression  strengths, 
but  have  also,  until  recently,  been  only  of  very 
secondary  consideration  to  the  airframe  de¬ 
signer.  Many  of  the  data  that  are  available  for 
the  newer  materials,  especially  the  ceramics, 
have  been  obtained  for  use  in  some  application 
different  from  that  envisaged  in  the  present 
study.  It  is  evident  that,  if  any  of  these  ma¬ 
terials  .mow  promise,  considerable  test  work 
will  be  required  to  obtain  design  information. 

b.  Typical  Materials  Studied 

The  information  assembled  so  far  has 
been  studied  in  order  to  pick  out  a  few  struc¬ 
tural  materials  which  are  representative  of  the 


various  groups  and  which,  at  the  same  time, 
are  good  all-round  materials  from  each  group. 
The  following  list  is  typical  of  those  which 
might  be  applicable  for  use  on  the  MX-2276. 

(1)  Aluminum  Alloys 

24S-T3  bare  and  75S-T6  bare  have 
been  selected  as  representative  of  the  aluminum 
alloys  since  these  materials  are  in  very  general 
use  today  for  airframe  construction.  Their 
properties  are  well  known  and  the  effect  of 
these  properties  on  the  airframe  design  is  gen¬ 
erally  understood.  Such  materials  form  a  good 
basis  for  comparison  and  serve  as  a  reference 
from  which  other  materials  can  be  judged. 

(2)  Magnesium  Alloys 

On  the  basis  of  general  usage  and 
superior  properties  FS1-H24  has  been  chosen 
as  a  typical  magnesium  material. 

(3)  Steel  Alloys 


sAfc  4i3u  heat-treated  to  an  ulti¬ 
mate  tensile  strength  of  125,000  psi  is  con¬ 
sidered  typical  of  this  group.  Higher  strengths 
than  this  are  obtainable  but  are  probably  not  too 
practical  for  general  use  in  the  shell  of  the  air¬ 
frame.  Such  higher  strengths  are  satisfactory 
for  fittings,  attachments,  etc.,  but  these  items 
do  not  constitute  a  sufficient  percentage  of  the 
structural  weight  to  warrant  consideration  at 
this  time.  Steel  of  a  lower  room  temperature 
strength  than  125,000  psi  should  perhaps  be 
avoided  in  a  structure  in  which  weight  is  so 
critical. 


(4)  Stainless  Steels 

Type  347  1/2  hard  illustrates  the 
general  properties  of  stainless  steels  which 
combine  high  ultimate  strength  at  elevated  tem¬ 
peratures,  together  with  high  resistance  to 
oxidation  and  corrosion. 

Timkin  Alloy  25-20  is  also  added  for 
a  comparison. 
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(5)  Haynes  Alloys 

Hastaloy  C,  a  nickel-chrome- 
molybdenum  alloy,  has  the  highest  strength  of 
the  wrought  alloys  with  the  exception  of  Hastaloy 
B,  which  Is  slightly  superior.  Alloy  C  was  con¬ 
sidered  of  more  use  for  the  present  work,  how¬ 
ever,  since  its  oxidation  resistance  is  very 
much  belter  than  that  of  Alloy  B. 

(6)  Inconel  X 

Typical  of  the  nickels  and  nickel 
alloys,  Inconel  X  has  the  highest  strength  and 
stiffness  properties  at  high  temperature  together 
with  high  resistance  to  oxidation  and  relatively 
good  ductility. 

(7)  Titanium 

Representative  of  the  titanium  al¬ 
loys  is  RC-130A  having  the  highest  yield  and 
ultimate  strength  throughout  the  temperature 
range  with  reasonably  good  ductility. 

(8)  Pure  Molybdenum 

Molybdenum  iB  one  of  the  newer 
materials  of  interest  for  high  temperatures. 
This  material  is  made  commercially  by  both 
powder-sintering  and  arc-casting  methods. 
Interest  in  this  material  centers  in  its  possible 
use  for  leading  edges  and  coverings  to  retain 
Insulation. 

(9)  Ceramics 

The  ceramics  have  not  been  studied 
sufficiently  to  choose  a  typical  example,  if  such 
exists  but  the  properties  of  Alumina  Cermet 
have  been  included  in  the  curves  presented  with 
this  report  so  that  the  relative  importance  of  at 
least  this  one  ceramic  can  be  seen.  This  ma¬ 
terial  has  particularly  high  strength  properties 
and  high  stiffness  at  elevated  temperatures 
while  its  resistance  to  both  oxidation  and  ther¬ 
mal  shock  is  considered  good.  These  proper¬ 
ties  are  obtained  with  a  density  approximately 
equal  to  that  of  titanium. 


It  may  be  noted  that  no  consideration 
has  been  given  In  the  above  discussion  to  ma¬ 
terial  and  fabrication  costs,  and  the  use  of 
strategic  material.  These  Items  are  important, 
particularly  the  latter,  Bince  so  many  alloys 
depend  for  their  high  temperature  properties 
on  the  use  of  elements  In  short  supply,  but  it  is 
considered  that  strength  and  stiffness  properties 
are  of  primary  importance.  At  a  later  date  it 
may  be  possible  to  show  the  penalties  Involved 
In  the  use  of  cheaper  or  lesB  strategic  material. 

e.  Material  Parameters 

The  comparison  and  evaluation  of  ma¬ 
terials  arc  facilitated  and  placed  on  a  rational 
basis  by  the  use  of  parameters  which  are  func¬ 
tions  of  the  material  characteristics  involved 
in  the  application  being  considered.  The  opti¬ 
mum  material  for  the  particular  application 
being  studied  le  usually  the  one  with  a  maxi¬ 
mum  or  a  minimum  value  of  the  appropriate 
parameter. 


A  number  of  simple  and  well-estab¬ 
lished  parameters  have  been  used  in  the  present 
work  to  compare  materials  lor  applications  in¬ 
volving  tensile  strength,  compressive  strength 
of  stable  and  elastically  unstable  elements,  stiff¬ 
ness,  heat  capacity  of  cooling  fluids,  and  the 
Insulating  value  of  conduction  barriers.  With 
one  exception  these  parameters  assume  that 
the  structure  is  to  be  optimized  with  respect 
to  weight  and  therefore  the  material  density  is 
found  in  each  one.  The  exception  arises  In  the 
case  of  cooling  fluids  where  volume  also  may  be 
Important,  and  an  appropriate  parameter  has 
therefore  been  Introduced  to  show  the  heat 
capacity  per  cubic  foot  of  each  coolant.  A  sum¬ 
mary  of  the  parameters  used  is  given  in  Table 

vn 

In  considering  the  parameters  in  Table 
VII,  extra  precaution  must  be  exercised  in  the 
selection  of  materials  for  use  in  the  design  o.' 
compression  members.  In  the  preparation  of 
these  curves  for  elements  in  compression,  it 
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TABLE  VII.  STRUCTURAL  PARAMETERS 


Parameter 

Ftu/d 

Fcy/d 

E/d 

yi/d* 

yivi 

Heat  Capacity  per  pound 
Heat  Capacity  per  cubic  foot 
Kd 


Material  Application 
Tensile  Strength 

Compressive  Strength  -  Stable  Elements 

Structural  Stiffness  or  Compressive 
Strength  of  Columns  -  Elastic 
Instability 

Compressive  Strength  of  Cylinders  - 
Flastic  Instability 

Compressive  Strength  of  Flat  Panel  - 
Elastic  Instability 

Fluids  for  Cooling 

Fluids  for  Cooling 

Insulation  for  Conduction  Barriers 


where  -  Flu 
Fey 
E 
d 
K 


Ultimate  tensile  strength 

Yield  strength  at  0.002  In. /in.  permanent  set 

Elastic  modulus  in  compression 

Material  density 

Thermal  conductivity 


has  been  assumed  that  the  geometry  of  the  struc¬ 
ture  has  been  established.  It  might  be  ques¬ 
tioned  whether,  for  a  given  load  condition,  a 
different  geometry  may  not  change  the  relative 
efficiencies  of  materials.  Obviously,  if  the 
geometry  is  such  that  the  structure  is  com¬ 
pletely  stable  in  compression  (a  condition  which 
rarely  exists)  the  geometry  has  no  further  effect. 
Fey  in  this  instance  is  the  only  variable  that 
matters.  The  material  efficiencies  tor  the  ma¬ 
jority  of  compression  structures  will  depend 
upon  loading,  and  for  any  given  loading  the 
structural  configuration  must  be  optimized  for 
each  material  and  temperature  to  give  the  least 
weight;  this  weight  is  to  Include  both  load- 
carrying  material  and  stabilizing  structure. 
Use  of  these  curves  for  material  comparison, 
therefore,  implies  that  In  each  case  the  propor¬ 
tion  of  stabilizing  material  to  load-carrying 


material  is  the  same. 

The  parameters  outlined  above  are 
adequate  for  a  structural  design  simply  on  the 
basis  of  static  strength.  In  the  past,  static 
strength  has  been  the  primary  consideration  of 
the  airframe  designer  and,  on  the  basis  of 
this  experience,  It  seems  reasonable  to  continue 
In  this  direction.  However,  stiffness  is  now 
assuming  significance  because  of  high  speeds; 
the  same  high  speeds  together  with  the  use  of 
less  ductile  materials  are  introducing  fatigue 
problems,  and  the  high  temperatures  require 
considerations  of  such  factors  as  creep  and 
thermal  shock. 

Curves  representing  the  material 
parameters  described  in  this  section  are  shown 
in  Figures  53  through  57  and  63  and  66. 
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Figure  56.  Cylinder  Compressive  Strength  Parameter  of  Structural  Materials 

(Elastic  Instability) 
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Figure  57,  Flat  Panel  Compressive  Parameters  <>I  Structural  Materials 

(Elastic  Instability) 


tl.  Creep  Considerations 

The  general  approach  to  the  creep 
problem  has  been  to  set  up  conservative,  ar¬ 
bitrary  limits  of  permanent  sot  and  then  to 
show  that,  for  the  MX-2276  application,  these 
limits  Impose  very  little  restriction  on  the 
use  of  any  of  the  materials  considered.  The 
study  of  creep  hae  been  extended  to  include  not 
only  the  Increased  structural  deformation  re¬ 
sulting  from  the  application  of  stress  for  an 
extended  ttme,  but  also  the  phenomena  of  stress 
rupture  and  creep  buckling. 

In  order  to  set  up  creep  limits  for  a 
practical  structure,  it  would  be  necessary,  alter 
establishing  the  point  in  the  structure  at  which 
the  limiting  value  of  permanent  set  had  been 
reached,  to  calculate  from  the  stress  distri¬ 
bution,  the  creep  strains  at  ail  other  points 
in  the  structure.  To  these  strains,  it  would  be 
necessary  to  add  the  creep  of  joints,  connections, 
etc.,  and  an  Integration  would  then  give  the 
permanent  structural  deformations.  After  re¬ 
peating  this  process  for  a  number  of  loading 


conditions,  It  would  still  be  necessary  to  decide 
to  what  degree  the  deformations  were  Interfering 
with  the  satisfactory  performance  of  the  air¬ 
frame. 


To  avoid  thiB  complication,  while  re¬ 
taining  a  basis  for  comparing  the  creep  resist¬ 
ance  of  materials,  it  has  been  decided  to  adopt 
a  procedure  analogous  to  the  existing  yield 
criteria  wherein  the  stress  at  which  0.2% 
permanent  set  is  achieved  in  a  simple  tension 
or  compression  test  specimen  is  indicative  of 
the  gross  working  stress  at  yield  or  limit  Load. 
The  permissible  permanent  set  due  to  creep 
has  also  been  arbitrarily  selected  as  0,2%  when 
measured  on  a  simple  tension  test  specimen 
subjected  to  the  same  temperature  and  time 
conditions  as  the  actual  structure.  This  value 
of  permanent  set  is  considered  very  conserva¬ 
tive.  Not  only  is  0.2%  a  very  small  value,  but 
it  will  occur,  in  the  practical  structure,  only  in 
very  local  areas  of  the  airframe.  Further  con¬ 
servatism  is  added  to  the  study  by  assuming 
that  all  creep  strain  is  permanent  since  there 
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is  some  evidence  that  a  part  of  the  creep  strain 
is  recoverable  after  removal  of  the  load. 

In  order  to  apply  creep  limitations,  it 
is  alBO  necessary  to  assume  a  required  life 
for  the  airframe.  Ten  to  fifteen  flights,  each  of 
approximately  80  minutes,  is  presently  con¬ 
sidered  to  be  an  economical  life  for  the  third 
stage  MX-2276.  To  allow  a  reasonable  margin 
on  thiB  value,  a  life  of  100  hours  has  been 
chosen  for  design.  This  lifetime  of  100  hours 
will  be  spent  mostly  at  stress  levels  corres¬ 
ponding  to  lg  loading,  with  fluctuations  of  short 
duration  to  higher  and  lov/er  stresses.  Toallow 
for  the  cumulative  croep  effect  of  these  alter¬ 
nating  stresses,  the  creep  limitation  has  been 
defined  as  no  more  than  0.2%  permanent  set 
after  100  hours  at  a  stress  corresponding  to 
1.2g  loadings  in  the  airframe.  The  1.2  factor 
is  taken  from  Reference  103. 

Inspection  of  creep  curves  shows  that 
at  high  stress  levels  and  high  temperatures, 
considerable  creep  may  take  place  in  a  few 
minutes.  It  has  been  decided,  therefore,  to  use 
a  second  creep  limitation  In  which  two-thirds 
of  the  stress  at  limit  loads  must  be  sustained 
for  one  hour  with  no  more  than  0.2%  permanent 
creep.  In  lieu  of  better  Information,  the  limit 
load  factor  for  the  MX-2276  third  stage  will  be 
assumed,  during  the  present  part  of  the  study, 
as  3.0. 


With  these  considerations,  diagrams 
have  been  drawn  of  allowable  stresses  against 
temperature  for  several  materials,  and  a  typi¬ 
cal  diagram  for  Inconel  X  is  shown  in  Figure 
58.  This  diagram  shows  the  design  limit  stress 
that  may  be  used  without  exceeding  a  perma¬ 
nent  set  of  0.2%  due  to  yielding,  and  also  the 
stress  levels  at  which  0.2%  permanent  set  due 
to  creep,  is  reached  in  one  hour  and  100  hours, 
respectively.  These  latter  curves  will  be  as¬ 
sociated  with  loading  levels  of  2.0g  and  1.2g, 
respectively.  Therefore,  for  comparison  they 
have  been  plotted  on  the  diagram  after  being 
ratioed  by  3. 0/2.0  and  3. 0/1. 2,  respectively. 
By  this  means  they  are  directly  comparable 
with  the  0.2%  yield  curve  which  is  produced  by 
the  3.0g  limit  load.  The  inside  envelope  of  the 
three  curves  drawn  for  each  material  gives  an 


equivalent  limit  stress  to  be  used  for  design. 
This  equivalent  stress  wlil  insure  that  at  no 
time  during  the  life  of  the  airframe  will  the 
permanent  set  at  any  point  in  the  structural 
material  exceed  a  total  of  0.4%,  of  which  0.2% 
is  due  to  creep  and  0.2%  due  to  yield. 

In  order  to  compare  the  creep  and 
yield  characteristics  of  various  materials,  the 
equivalent  limit  stresses,  determined  as  de¬ 
scribed  above,  have  been  divided  by  the  ma¬ 
terial  densities  and  plotted  against  temperature. 
The  results  are  shown  in  Figure  59.  Before 
conclusions  can  be  drawn  from  these  curves,  it 
will  be  necessary  to  give  some  thought  to  the 
choice  of  safety  factors  since,  depending  on 
safety  factor,  either  strength  or  deformation 
may  govern  the  design  stress.  It  is  apparent, 
however,  that  the  creep  limitations  imposed  do 
not  seriously  limit  the  ubc  of  any  of  the  ma¬ 
terials  presented,  except  perhaps  75S-T  alumi¬ 
num  alloy  above  400° F.  Satisfactory  creep  fig¬ 
ures  for  a  titanium  alloy  have  not  yet  been 
found,  but  a  curve  will  be  added  for  this  ma¬ 
terial  when  available. 

All  Btress  rupture  data  that  have  so 
far  become  available  have  been  obtained  by 
loading  the  test  specimen  to  a  certain  stress 
level  and  maintaining  this  stress  for  an  extended 
time  until  failure.  For  the  MX-2276  application, 
however,  it  is  of  more  interest  to  know  the  ul¬ 
timate  stress  available  after  a  stress  equivalent 
to  1.2g  (for  example)  has  been  sustained  for  100 
hours.  All  the  available  evidence  shows  that, at 
least  for  metallic  materials,  the  strain  at  stress 
rupture  is  never  less  than  2.0%  and  is  generally 
much  more.  This  is  at  least  ten  times  the  creep 
that  will  be  present  after  one  hundred  hours. 
Therefore,  It  may  be  assumed  that  at  the  end  of 
its  design  life  the  airframe  is  so  far  from  rup¬ 
ture  at  the  1.2g  stress  level  that  it  is  still  capable 
of  being  loaded  up  to  its  short  time  ultimate 
stress.  On  this  basis,  stress  rupture  no  longer 
becomes  a  consideration  In  material  compari¬ 
son.  Of  course  for  any  particular  material  that 
is  chosen  for  structural  use  it  will  be  necessary 
to  check  for  stress  rupture  in  more  detail. 

The  discussion  above,  together  with  the 
associated  curves,  is  applicable  only  to  the 
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Figure  58.  Inconel-X:  Effect  of  Permanent  Set  Limits  on  Design  Limit  StresB 
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Figure  59.  Comparison  of  Design  Limit  Stresses 
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MX-2276  third  stage  airframe.  Propellant  tanks 
may  be  designed  as  pressure  vessels  to  different 
permanent  set  conditions  and  probably  to  dif¬ 
ferent  factors  of  safety.  Some  of  the  propellant 
tanks  will  also  serve  as  part  of  the  primary 
structure  and  will,  therefore,  be  subject  to  both 
airframe  and  tank  design  conditions.  The  effect 
of  these  additional  considerations  on  the  relative 
creep  resistance  of  various  materials  has  not 
been  evaluated. 

Buckling,  as  a  result  of  creep,  has  been 
briefly  studied,  but  as  yet  no  conclusions  which 
will  indicate  the  relative  susceptabilhy  of  ma¬ 
terials  to  this  phenomenon,  have  been  for¬ 
mulated. 

c.  Thermal  Shock  Stresses 

In  an  effort  to  consider  the  problem  of 
thermal  shock  and  its  effects  on  a  structure  for 
the  MX-2276,  attempts  were  made  to  calculate 
the  temperature  gradients  In  an  uninsulated  skin 
material  subjected  to  a  temperature  rise  In  the 
outside  fibers  of  600°F  per  minute,  using  the 
Schmidt  plot  method.  It  was  soon  apparent  that 
this  method  was  quite  impractical  for  the  solu¬ 
tion  of  this  problem  because  of  the  fixed  rela¬ 
tionship,  In  the  Schmidt  plot  method,  between 
the  time  Interval  and  the  number  of  points 
through  the  material  thickness  at  which  the  tem¬ 
perature  is  given.  Selecting  a  sufficient  num¬ 
ber  of  points  through  the  material  thickness  to 
insure  reasonably  accurate  temperature  gradi¬ 
ents,  results  in  a  very  small  time  increment  and 
consequently,  a  time-consuming  graphical  pro¬ 
cess.  Accordingly,  analytical  solutions  were 
developed  to  give  the  temperature  gradients 
through  the  skin  due  to  a  temperature  at  the 
outer  surface  that  varied  linearly  with  time.  In 
conjunction  with  these  equations,  the  same  tem¬ 
perature  rise  of  600°F  per  minute  was  used. 
This  value  is  achieved  during  the  Initial  accel¬ 
eration  and  climb,  and  preliminary  work  sug¬ 
gests  that  It  Is  the  maximum  reached  throughout 
the  flight.  More  detailed  calculations  of  man¬ 
euvers,  landing,  and  post  landing  when  the  air¬ 
craft  may  be  stationary  on  the  ground,  but  still 
hot,  are  necessary,  however,  before  all  tem¬ 
perature  gradients  will  be  known. 

Results  ot  this  work  showed  that  insig¬ 
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nificant  stresses  occur  owing  to  temperature 
gradients  through  the  skin  or  covering,  provid¬ 
ed  that  the  material  is  metallic.  With  a  cer¬ 
amic  covering,  tensile  stresses  of  the  same 
order  as  the  ultimate  strength  are  reached  In  a 
1/4-lnch  thickness,  with  higher  values  as  the 
thickness  increases.  Considerable  alleviation 
will  be  achieved,  however,  If  the  ceramic  1b 
used  In  small  panels,  comparatively  free  around 
the  edges. 

The  same  thermal  considerations  have 
also  been  applied  between  various  elements  of 
the  structure,  such  as  between  the  skin  and 
shear  webs  or  between  the  skin  and  ribs  of  a 
wing.  This  investigation  shows  that  thermal 
stress  within  the  structure  is  indeed  a  significant 
problem,  and  will  be  of  primary  importance  In 
establishing  the  structural  configuration.  Al¬ 
lowing  the  skin  temperature  to  rise  at  600#F 
per  minute,  and  assuming  a  large  mass  of  skin 
relative  to  the  internal  structure  produces  ten¬ 
sile  stresses  at  the  center  of  a  10-inch  deep 
shear  web  which  vary  from  140,000  psi  in  an 
aluminum  structure  to  250,000  psl  in  a  struc¬ 
ture  of  stainless  steel  or  Inconel  X.  Similar 
effects  occur,  of  course,  between  fuselage  skin 
and  frames,  and  also  between  stringers  and 
Bkin  where  the  tendency  would  be  to  bend  and 
ultimately  to  buckle  the  stringers.  Depending 
also  on  the  relative  masses  of  covering  material 
and  Internal  structure,  the  reacting  compression 
stresses  in  the  skin  may  also  cause  buckling  of 
the  skin  panels. 

It  is  evident,  even  from  these  very  pre¬ 
liminary  numbers,  that  thermal  stress  is  a  seri¬ 
ous  problem  in  the  MX-2276  structure,  despite 
the  moderate  rates  of  skin  temperature  rise 
that  are  expected  to  occur.  Various  solutions 
to  this  problem,  which  will  continue  to  make  use 
of  conventional  shell  construction,  are  of  course 
apparent.  The  addition  of  insulation,  for  in¬ 
stance,  would  have  the  effect  of  materially  re¬ 
ducing  the  rate  of  temperature  rise  In  the  skin. 
It  seems  probable  that  a  small  amount  of  Insu¬ 
lation,  which  may  be  quite  Insufficient  to  pre¬ 
vent  equilibrium  temperature  being  reached  in 
the  structure,  may  considerably  reduce  the 
thermal  stresses.  More  consideration  will  be 
given  to  this  possibility  following  the  study  of 
insulation. 
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Careful  use  of  dissimilar  materials 
will  also  reduce  thermal  stresses,  and  calcula¬ 
tions  show  that  an  alloy  steel  skin  with  an 
aluminum  web  reduces  the  web  tensile  stress 
to  39,600  psi,  while  if  a  copper  web  with  a  steel 
skin  were  practical,  this  stress  would  be  only 
18,700  psi.  This  method  of  alleviating  stress 
due  to  temperature  changes  would  unfortunately 
introduce  another  system  of  thermal  stresses 
when  equilibrium  of  the  whole  structure  is 
reached,  owing  to  the  different  coefficients  of 
expansion  of  the  materials.  The  use  of  INVAR, 
a  very  low  expansion  stainless  steel,  is  pres¬ 
ently  being  investigated. 

The  remaining  method  of  avoiding  ther¬ 
mal  stresses  is  to  depart  from  conventional 
shell  structures  and  devise  arrangements  in 
which  structural  redundancies  are  absent,  so 
that  thermal  expansions  are  unrestrained.  These 
structures  would  include  simple  trusses, beams 


and  ribs  with  corrugated  webs,  etc.  Such 
thoughts  were  the  basis  for  the  unconventional 
structural  arrangement  presented  originally  in 
Reference  1.  So  far,  the  present  work  has  justi¬ 
fied  these  ideas. 

f.  Weight  Comparisons 

For  purposes  of  obtaining  an  indication 
of  and  illustrating  the  effect  of  some  of  the 
parameters  mentioned  in  previous  paragraphs 
upon  the  weight  of  structures,  Figure  60  has 
been  prepared.  ThlB  plot  shows  the  ratio  of  the 
weight  of  an  uninsulated  and  uncooled  structure 
operating  at  elevated  temperature  compared 
with  a  structure  of  the  same  configuration,  de¬ 
signed  for  the  same  loads  but  at  room  tempera¬ 
ture.  It  was  constructed  considering  a  wing 
structure  of  proportions  suitable  for  the 
MX-2276,  where  probably  50%  or  more  of  the 
weight  of  such  a  wing  will  be  dependent  upon 


Figure  60.  Weight  Ratios  for  Uninsulated,  Uncooled  Structures 
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bending  material,  the  material  being  subjected 
primarily  to  tension  and  compression  stresses. 
The  compression  material  may  be  well  stabi¬ 
lized,  such  as  beam  caps,  for  which  case  the 
parameter  Fcy/d  can  be  used  as  a  representa¬ 
tive  value  of  the  compressive  strength  weight 
ratio. 


temperature  structure.  From  a  comparison  of 
these  curves  it  seems  that  the  recent  trend 
toward  designing  structures  for  stiffness  rather 
than  strength  may  well  be  reversed  again  in  the 
design  of  high  temperature  structures. 


g.  General  Results 


It  must  be  remembered  however,  that 
other  compression  strength-weight  ratios  might 
be  Involved  In  design  of  the  actual  structure 
such  as  Vs/d  for  elastic  instability  of  skin 
panels  orvE/d  for  column  instability  of  skin 
stringer  panels,  but  for  this  comparison  of 
weight  ,  the  above  parameter  is  the  only  one  con¬ 
sidered.  The  weight  comparison  evolved  with 
the  use  of  Fcy/d  will  be  the  most  optimistic  for 
an  uninsulated,  uncooled  structure. 

For  the  tension  parameter  only  the 
ultimate  tensile  strength  to  density  ratio  (Ftu/d) 
is  considered. 

The  best  optimum  values  of  ultimate 
tensile  strength  to  density  ratios  and  compres¬ 
sion  yield  strength  to  density  ratios  that  are 
obtainable  for  any  material  within  any  tempera¬ 
ture  range  have  been  selected,  and  these  in  turn 
have  been  divided  by  the  corresponding  value  for 
75S-T0  bare  material  at  room  temperature  -  the 
75S-T6  material  being  considered  the  most 
representative  of  present  design  practice  under 
normal  conditions.  These  have  been  plotted 
against  temperature  along  with  notations  on  the 
plot  of  optimum  materials  for  that  temperature. 
Since  part  of  the  bending  material  will  be  in 
compression  and  part  in  tension,  the  curve  of 
weight  ratio  for  the  total  bending  material  will 
lie  somewhere  between  these  solid  lines.  For 
the  present  the  dotted  line  Indicates  such  a 
curve  which  in  this  case  is  the  average  of  the 
solid  lines. 

It  may  be  that  because  of  the  high  speeds 
involved,  the  MX- 2278  wing  will  be  designed  by 
stiffness  rather  than  strength,  in  which  case  the 
elastic  modulus-to-density  ratio  will  be  the  Im¬ 
portant  parameter  involved.  Therefore,  a 
further  curve,  has  been  added  to  show  the  ratio 
of  the  weight  of  the  bending  material  for  such  a 
wing  to  the  weight  of  an  aluminum  room- 


From  the  survey  of  properties  and 
parameters  of  materials  and  the  temperature 
failure  phenomena  which  must  be  considered  for 
the  design  of  the  structure  of  the  MX-2278  for 
high  temperature  conditions  the  following  con¬ 
clusions  can  be  drawn. 


(1)  For  an  uninsulated,  uncooled  struc¬ 
ture  the  principal  factors  to  be  considered  In  a 
design  are  the  reduction  of  material  physical 
properties,  thermal  stress,  and  possibly  creep 
buckling.  As  no  conclusions  have  yet  been 
reached  at  the  present  time  on  creep  buckling, 
this  is  disregarded.  The  other  aspects  of 
creep  and  stress  rupture  are  no  concern  for  the 
MX-2276  as  Figure  59  shows  that  the  ordinary 
0.2 %  permanent  yield  criteria  as  used  in  present 
design  philosophy  remains  critical.  Stiffness 
also  is  of  less  importance  and  can  bo  overlooked 
as  a  weight  consideration  as  shown  in  Figure  60. 


(2)  A  number  of  materials  must  be  con¬ 
sidered  for  applications  to  high-temperature 
structures,  no  one  material  being  adequate  (op¬ 
timum  weight  wise)  to  adequately  encompass  the 
entire  temperature  spectrum.  Each  family  of 
materials  (i.e.,  light  alloys,  steels  —  both  alloy 
and  stainless,  nickels,  and  ceramics)  hasauseful 
temperature  range  and  limit  for  ubo.  However, 
even  when  using  the  most  optimistic  material  in 
each  temperature  range,  the  trend  is  for  the 
weight  of  the  structure  to  get  prohibitively 
higher  as  the  temperature  increases.  Reference 
1  indicates  the  equilibrium  skin  temperatures  of 
a  large  portion  of  the  MX-2276  structural  sur¬ 
face  may  reach  a  maximum  of  16Q0°F.  Refer¬ 
ence  to  Figure  60  indicates  that  an  uninsulated 
wing  at  these  temperatures  might  weigh  at 
least  three  times  as  much  as  the  same  wing 
designed  for  the  same  load  conditions,  but  at 
room  ‘emperatures. 
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(3)  Consideration  of  the  above  conclu¬ 
sions  lead  to  the  possibilities  of  using  combina¬ 
tions  of  insulations  and  structural  material  to 
obtain  better  optimum  structure  weights.  This 
problem  is  treated  at  a  later  point  in  this  report. 

(4)  The  maximum  temperature  antic¬ 
ipated  for  the  leading  edges  and  nose  of  the 
fuselage  structure  for  the  MX-2278  is  3200’F. 
The  present-day  absolute  temperature  limits 
for  reliable  structural  materials  (1400°  F  to 
1600° F)  indicates  that  to  provide  for  tempera¬ 
tures  of  such  magnitude  the  use  of  cooling  is  the 
only  answer. 

(5)  The  majority  of  the  materials 
selected  at  the  outset  of  this  discussion  all  seem 
to  be  applicable  for  use,  within  their  temperature 
limitations,  on  the  MX-2276  at  this  point.  Some 
materials  however,  perhaps  could  be  eliminated 
from  further  investigation.  Plastics,  for 
instance,  which  might  be  used  as  structural 
material  in  conjunction  with  Insulation  sufficient 
to  keep  its  temperature  within  reason,  might 
be  considered  In  lieu  of  aluminum  alloy  under 
the  same  conditions.  Recent  preliminary  studies 
of  plastic  construction  Indicate  that  savings  In 
fabrication  costs  can  be  realized,  while  tooling 
costs  are  approximately  the  same  as  for  metal 
construction.  The  same  studies,  however,  have 
also  served  to  emphasize  three  principal  dif¬ 
ficulties  with  plastic  construction. 

(a)  Lower  stiffness  than  compar¬ 
able  metal  structure. 

(b)  Present  lack  of  knowledge  and 
experience  in  the  fabrication  of  structural  com¬ 
ponents,  particularly  with  respect  to  allowable 
stresses. 

(c)  Questionable  structural  reli¬ 
ability. 

The  U3e  of  ceramics  for  structures 
might  also  be  questioned,  because  at  present 
they  are  still  unreliable  and  fairly  unknown. 
Further  consideration  of  ceramics,  however, 
should  not  be  abandoned  because,  with  the  pre¬ 
sent  temperature  limitations  of  metals,  they 


may  in  time  become  extremely  useful  for 
certain  parts  of  the  structure,  for  example, 
the  high-temperature  leading  edges. 

h.  Future  Work 

The  major  portion  of  the  work  on  the 
collection  and  tabulation  of  material  properties 
has  been  completed.  However,  a  low  level  ef¬ 
fort  will  be  put  forth  In  the  future  to  extend  the 
present  collection  as  Information  becomes  avail¬ 
able.  In  particular,  creep  properties  of  tita¬ 
nium,  and  data  on  ceramics  are  being  sought. 


4.  HEAT  PROTECTION 


a.  General 

The  work  previously  described  on 
structural  materials  has  indicated  approxi¬ 
mately  the  weight  penalties  incurred  simply  on 
the  basis  of  strength  in  designing  the  MX-2276 
third-stage  structure  without  heat  protection. 
At  this  time  it  is  considered,  intuitively,  that 
cooling  the  major  part  of  the  structure  will  also 
prove  very  heavy,  though  investigations  will  be 
necessary  later  in  the  study  to  establish  this 
fact.  Insulation  however,  does  show  promise 
of  being  a  practical  means  of  achieving  the 
following  conditions: 

(1)  Reduction  of  structural  tempera¬ 
tures  to  the  point  where  materials  with  a  useful 
and  reliable  load-carrying  capacity  can  be  used. 
(From  1600°F  to  1200°F.) 

(2)  Reduction  of  structural  tempera¬ 
tures  still  further  to  allow  the  use  of  materials 
of  higher  strength-weight  ratio. 

(3)  Elimination  of  theimal  stresses  so 
that  the  most  efficient  type  of  internal  structure 
can  be  used. 

The  study  of  structural  insulation  for 
the  third-stage  has  therefore  been  initiated  with 
two  principal  objectives: 
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(1)  To  provide  insulation  data  for  use 
in  the  structural  configuration  studies  that  will 
form  the  latter  part  of  this  program. 

(2)  To  Investigate  the  practicability  of 
designing  a  lightweight,  reliable,  and  easily 
fabricated  structural  insulation  suitable  for  the 
speeds  envisioned  for  MX-2276, 

Following  these  two  objectives  the  insu¬ 
lation  work  has  been  divided  broadly  into  two 
parts: 

(1)  A  brief  study  of  the  principles  of 
insulation,  the  development  on  the  basis  of 
practical  assumptions,  of  simple  analytical 
methods  and  design  charts,  and  the  collection  of 
mechanical  and  physical  properties  of  insulat¬ 
ing  materials, 

(2)  The  development  of  detailed  insula¬ 
tion  '.iesigns. 

The  first  of  these  two  parts  required 
that  some  time  be  spent  on  the  study  of  insula¬ 
tion  fundamentals  in  order  to  familiarize  the 
structural  engineers  with  the  necessary  tech¬ 
niques.  Insulation,  of  course,  forms  an  impor¬ 
tant  and  well-established  part  of  many  other 
engineering  spheres,  but  to  the  aircraft  struc¬ 
tural  engineer  it  is  new,  previous  aircraft 
experience  having  been  confined  almost  entirely 
to  jet  engine  tail  pipes.  Furthermore  the 
stringent  requirements  of  aircraft  applications 
justifies  an  understanding  of  principles,  in  ad¬ 
dition  to  the  use  of  empirical  data,  so  that  any 
ideas  can  be  fully  exploited. 

A  discussion  of  the  more  important 
of  these  principles  is  given  below,  with  an 
Indication  of  their  significance  to  the  MX-2279 
vehicle,  and  these  are  followed  by  the  neces¬ 
sary  mathematical  analysis. 

In  order  to  devote  as  much  time  as 
possible  to  practical  design,  certain  simplifying 
assumptions  have  been  made  which  are  applic¬ 
able  to  the  present  work.  These  simplifications 
permit  the  presentation  of  two  simple  charts, 
so  that  a  number  of  Insulation  arrangements  can 
be  quickly  designed  and  evaluated. 


The  other  type  of  Information  needed  for 
design  work  is  a  collection  of  material  proper¬ 
ties,  and  both  mechanical  and  physical  proper¬ 
ties  ha v<i  been  accumulated  for  materials  of 
very  low  conductivity,  for  materials  suitable 
for  use  as  radiation  barriers,  and  for  materials 
to  cover  or  contain  the  insulation. 

Following  the  second  of  the  two  work 
items  noted  above,  three  designs  have  been 
developed  for  Insulating  structure,  and  these 
designs  are  presented  in  detail  later  in  this 
report.  Each  oi  the  three  designs  is  adaptable 
to  the  insulation  of  structures  fabricated  from  a 
variety  of  structural  materials.  The  neces¬ 
sary  Insulation  thicknesses  are  adjusted  in  each 
case  to  provide  structural  temperatures  ap¬ 
propriate  to  the  structural  material  being  con¬ 
sidered,  and  the  total  insulation  weights  for  each 
case  are  presented  in  Table  X  found  in  Section 
IV-C4e. 

The  Insulation  designs  presented  are 
for  use  with  conventional  shell  construction; 
future  insulation  work  will  be  concerned  with  the 
development  of  improved  designs.  Insulation 
arrangements  will  also  be  devised  for  use  with 
beam -type  wing  structures  having  no  structural 
skin. 

b.  Insulation  Principles 

It  is  well  known  that  the  transmission 
of  heat  is  accomplished  by  three  mechanisms: 

(1)  Radiation  -  an  electromagnetic 
form  of  energy  transmission  which  does  not  re¬ 
quire  a  medium  between  the  transmitting  and 
receiving  agents. 

(2)  Conduction  -  the  transmission  of 
energy  through  a  medium  by  molecular  agitation. 

(3)  Convection  -  the  transmission  of 
heat  by  physical  transportation,  such  as  circula¬ 
tion,  of  liquids  or  gases. 

It  is  found  by  experiment  that  gases, 
including  air,  have  very  low  values  of  conductiv¬ 
ity,  while  liquids  are  appreciably  higher,  and 
solids  much  higher  again.  The  conductivity  of 
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water  is  26  times  that  of  air  while  the  metals 
range  from  350  to  17,000  times  that  of  air.  The 
dense  solide  such  as  metals,  stone,  etc.,  are 
completely  opaque  to  radiation  and  transmit 
heat  by  conduction.  Fibrous  and  other  loose 
fill  materials,  however,  will  transmit  by  conduc¬ 
tion  through  the  material  itself,  by  conduction 
through  the  air  trapped  within  the  material,  by 
convection  currents  in  this  air,  and  by  radiation 
across  the  spaces.  From  this  it  follows  that  as 
the  material  density  is  decreased,  the  proportion 
of  heat  transmitted  by  radiation  and  air  convec¬ 
tion  will  increase  while  the  proportion  trans¬ 
mitted  by  material  conduction  will  decrease.  The 
sum  total  of  these  effects  is  generally  expressed 
by  the  conductivity  coefficient  K. 

The  heat  transmitted betweentwo points 
by  conduction  is  proportional  to  the  tempera¬ 
ture  difference  tietwoen  the  two  reference  sta¬ 
tions,  while  the  heat  transmitted  by  radiation  is 
proportional  to  the  difference  of  the  fourth 
powers  ol  the  absolute  temperatures.  If  the 
heat  problem  of  the  MX-2276  vehicle  Is  now 
visualized  as  a  coot  structural  skin,  separated 
from  an  outer  skin  or  covering  or  lamina  which 
may  be  at  an  equilibrium  temperature  of  1600"  F 
or  2060  H,  it  is  apparent  that  the  Intervening 
space  should  lie  tilled  with  material  very  opaque 
to  radiation.  Such  materials  ol  course  are 
necessarily  dense,  and  therefore  heavy,  and  even 
it  materials  of  low  conductivity  are  used,  such 
as  diatomaceous  brick  an  appreciable  amount 
of  conduction  is  introduced. 

A  possible  solution  to  this  problem  is 
to  build  up  what  might  lie  called  in  artificial 
insulation,  in  which  very  thin  layers  of  dense 
material  of  relatively  low  emissivlty  arc  intro¬ 
duced  as  radiation  harriers,  and  aro  separated 
by  narrow  air  gaps  to  reduce  conduction.  If 
these  gaps  are  sufficiently  small  the  heat  trans¬ 
mission  by  convection  will  also  tie  small,  while 
at  the  very  high  altitudes  anticipated,  the  ideal 
conditions  of  a  vacuum  will  be  approached.  In 
practice  It  will  probably  tic  necessary  to  use  a 
spacing  material  between  the  radiation  barriers, 
and  apparently  this  material  should  be  of  very 
low  density  to  minimize  conduction.  The  fact 
that  such  low  density  material  transmits  heat  by 
radiation  is  no  longer  of  consequence,  owing  to 
the  presence  of  the  radiation  barriers. 


The  chief  consideration  in  the  ultimate 
comparison  of  insulation  arrangements  will  be 
weight,  and  it  Is  evident  that  the  weight  of  a 
"radiation  barrier"  will  depend  very  closely 
upon  such  practical  considerations  as  the  thick¬ 
ness  of  material  required  for  fabrication  pur¬ 
poses,  the  condition  of  the  material  surface  that 
can  be  maintained  during  prolonged  use  at  high 
temperatures,  and  the  amount  of  covering  or 
containing  structure  necessary  to  maintain  a 
smooth  external  surface  and  to  carry  airloads. 
Similarly,  of  course,  attachments  will  form  an 
important  weight  item  with  the  solid  insulation 
and,  depending  on  its  density,  this  may  or  may 
not  require  external  covering,  etc, 

c.  Insulation  Design  Charts 

To  evaluate  analytically  the  amount  of 
insulating  material  required  to  maintain  any 
given  structural  temperature,  after  exposure 
to  the  high  boundary  layer  temperatures  for  a 
specified  time,  two  simple  expressions  have 
been  developed  based  on  a  number  of  practical 
assumptions.  These  expressions  correspond 
to  the  two  extreme  types  of  heat  transmission: 

(1)  Pure  conduction  with  constant  con¬ 
ductivity, 

(2)  Pure  radiation. 

The  assumptions  on  which  this  work 
is  based  are  as  follows: 

(1)  No  heat  capacity  in  the  insulation. 

(2)  Infinite  conductivity  through  the 
structural  skin,  applicable  to  thin  shell  struc¬ 
tures. 

(3)  Constant  external  temperature  at 
the  outer  layers  of  the  insulation. 

(4)  Constant  conductivity  with  tem¬ 
perature,  low  conduction  materials. 

(5)  Constant  emissivlty  with  tempera¬ 
ture,  of  all  surfaces  of  radiation  barriers. 

(6)  Neglect  of  conduction  paths  through 
the  radiation  barriers  due  to  spacing  material, 
connections,  etc. 
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Note  that  assumption  (3)  permits  inclusion  of  the 
heat  transfer  by  forced  convection  from  the 
boundary  layer  to  the  outer  covering,  and  also 
the  radiation  from  the  covering  back  into  the 
boundary  layer.  This  is  normally  difficult  to 
Include  in  a  complete  solution  because  of  the 
fourth  pow:'»r  radiation  term,  but  with  insulation 
it  can  be  assumed  that  heat  conducted  into  the 
structure  is  small  enough  that  the  outer  cover¬ 
ing,  or  the  outer  layers  of  insulation,  reaches 
equilibrium  temperatures  Instantaneously.  Thus 
the  solutions  given  below  begin  with  a  known 
constant  temperature  at  the  outside. 

Each  of  these  assumptions  will  ul¬ 
timately  require  a  careful  evaluation  before 
accurate  insulation  sizes  can  be  predicted,  but 
substantial  mathematical  simplifications  are 
Introduced  by  their  use  and  tho  results  are 
considered  to  be  a  good  first  approximation. 


t  =  Thickness  of  metal  -  inches 
9  =  Exposure  time  -  hours 


The  above  equation  is  plotted  in  Figure 
61,  in  a  form  suitable  for  the  rapid  estimation 
of  insulation  requirements. 

The  equation  for  radiation  was  devel¬ 
oped  through  a  method  which  parallels  that  for 
the  conduction  equation. 

The  heat  transferred  from  one  surface, 
to  another  surface  at  a  lower  temperature,  is 
given  by  the  relationship 

q0_i  =  6  0-1  (To4-Ti4)  where  «  q-1  in 
the  effective  emissivity  of  two  facing  surfaces, 
If  there  are  many  surfaces  Involved,  then: 


Beginning  with  the  conduction  case, 
the  heat  balance  equation  relating  the  heat 
conducted  through  the  insulation  to  the  heat 
absorbed  by  the  skin  is  as  follows: 

<To-T,)k/X=  p  CM  <dTfl/d0) 


%-l  =or  «  0-1  (To4-Tj4) 
dl_2  «1-2(T14-T24) 
qjJ-3  "  a  *  2-3  <T24'T34' 


or 


k 

X„CM 


kfl 

X^t 


In 


*T„  dT 
f '»  a 

~]  (T  -T  ) 

J  O  8 

Tl 

'VVW 


dn.8  -or  c  n-s  (Tn4-Tg 


Since  the  heat  capacities  of  the  radiation  shields 
are  neglected,  we  can  say, 


where  Tq  =  Outside  temperature  -  "F 


Qq-1  -  ^1-2  =  ^2-3 . ^n-s  ~  ^o-s 


T8  n  Metal  sink  temperature  -  °F 

Tj  =  Initial  temperature  -  “F 

k  =  Thermal  conductivity  of  insula- 
,  BTUin 
t0r  ft2hr  °F 


Now,  dividing  by  the  effective  emissivities,  and 
adding  we  have: 


+ 


x  =  Thickness  of  insulator  -  feet 
p  =  Density  of  metal  -  lb/ft3 

BTU 

0^  =  Specific  heat  of  metal  -  ■jg-rjr 


The  emissivities  are  assumed  equal  for  all  sur¬ 
faces,  then  the  effective  emissivities  must  like¬ 
wise  be  equal,  therefore: 


dQ_g  =  o*  €  o-s/(n+l)  (T04-Ts4) 
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Figure  61.  Conduction  Barrier  Design  Chart 


If  the  heat  radiated  from  the  outside  lamina  is 
absorbed  by  the  metal  sink,  then,  as  before,  we 
have  a  differential  equation  to  evaluate. 

TStf*  (T°4‘T84)  =  '  V  ifr 


"  (n+1)  ?o^/de  "  /  (T04-Ta4) 

0  T, 

After  integrating,  the  equation  becomes: 

,  ?*9;l —  i-i-Tafarc  ton  J.*--arc  tan  X1-)  + 

0  ♦!)(/>  Cpt)°  4T0»l  ’0  To 

^•)] 


where  a  =  Stefan-Boltzmann  constant  - 
1.73  x  1(T9  BTU/hr-sq ft  -  °R4 

8  -  Exposure  time  -  hour 

n  =  Number  of  intermediate  radia¬ 
tion  shields  -  dimensionless 

p  =  Density  of  metal  sink  -  lb/ft9 

C  =  Specific  heat  of  metal  sink  - 
P  BTU/lb  -  °R 

t  =  Thickness  of  metal  sink  -  feet 

T0  =  Outside  lamina  temperature  - 
°R 

Tj  =  Initial  temperature  -  °R 
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Tg  =  Sink  or  metal  skin  tempera¬ 
ture  -  °R 

<o-a  =  Effective  emlssivlty  between 
two  adjacent  faces  •- 


1 


whore  «0  =  Emisalvity  of  one  face. 

and  =  Emisalvity  of  the  second 
face. 


Evidently,  to  obtain  the  minimum  value 
ol  *(o-s),  the  minimum  values  of  both  < 0  and 
<8  are  required.  Generally,  <0=  <8  so  that 

*  (o-s)  =  (YTTj  • 

The  above  equation  relating  temperatures  tothe 
structure  and  insulation  characteristics  is 
plotted  in  convenient  form  in  Figure  62. 


cl.  Insulation  Materials 

Before  preceding  with  examples  of 
practical  insulation  designs  for  MX-2276,  it  is 
appropriate  to  present  the  mechanical  and 
physical  properties  that  have  been  collected  for 
the  various  materials  used.  These  materials 
may  be  divided  into  the  following  throe  groups: 

(1)  Materials  of  very  low  total  con¬ 
ductivity.  Ideally  these  materials  should  also 
possess  low  weight,  mechanical  strength,  and 
resistance  to  high  temperatures  (1600°F). 

(2)  Materials  for  radiation  barriers. 
These  should  have,  and  be  able  to  maintain,  a 
surface  of  very  low  emissivity,  should  be  light 
In  weight  and  available  in  very  small  thick¬ 
nesses,  and  should  be  resistant  to  high  tem¬ 
peratures. 

(3)  Materials  for  the  external  cover¬ 
ing,  These  should  have  reasonable  mechanical 
strength  at  1600°F. 


Figure  62.  Radiation  Barrier  Design  Chart 


(1)  Low  Conductivity  Materials 

The  densities,  conductivities,  and 
useful  temperature  ranges  of  a  large  number 
of  insulating  materials  have  been  considered, 
and  values  for  the  more  promising  of  these 
materials  have  been  Incorporated  in  Figure  63, 
which  is  a  plot  of  thermal  conductivity  x  den¬ 
sity  against  mean  temperature.  This  curve, 
therefore,  Indicates  the  materials  having  the 
lightest  weight  for  a  given  value  of  thermal 
resistance.  In  the  following  notes,  only  the 
optimum  materials  from  this  curve  will  be  con¬ 
sidered. 

Of  the  insulating  materials  pre¬ 
sented  in  Figure  63,  which  are  not  capable  of 
carrying  loads,  i.e.,  fibrous  or  loose  fill  ma¬ 
terials,  Fiberfrax  is  the  most  efficient.  Fiber- 
frax  is  a  loose  material  of  very  fine-blown 
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Figure  63.  Thermal  Conductivity  Parameter  of  Insulating  Materials 


fibers  of  aluminum  oxide  and  it  can  withstand 
temperatures  well  in  excess  of  2000°F.  Its 
optimum  density  is  6  lb/ft3,  and  at  this  density 
the  thermal  conductivity  coefficient  is  as  fol¬ 
lows: 


Temp.  (°F) 

400 

800 

1200 

1400 

K  (BTU  In) 
(hr-sq  ft  - 

-F)  °'38 

0.64 

1.12 

1.48 

The  optimum  of  the  block-type 
materials  is  Sil-O-Cel  building  block  which  at 
a  density  of  23.5  lb/ft3  has  the  following  values 
of  conductivity: 

Temp.  (°F)  200  600  1200 

K  {BTU  In)  0.516  0.600  0i708 

(hr-sqft-°F) 

Further  data  on  this  material  are 
lacking  at  present,  but  the  Babcock  and  Wilcox 


Company  manufactures  an  insulating  firebrick 
of  similar  density  and  conductivity  character¬ 
istics,  and  further  properties  are  related  to 
this  material.  From  the  information  available 
on  the  firebrick,  a  modulus  of  rupture  of  50 
psi  can  be  expected  and  the  working  tempera¬ 
ture  may  Ixj  1600°  F. 

(2)  Materials  for  Radiation  Barriers 

From  this  point  of  view  of  strength 
and  temperature  resistance,  Inconel  is  the  choice 
for  the  radiation  barrier  material  but  unfortu¬ 
nately  this,  together  with  most  other  materials, 
will  oxidize  at  1600° F.  This  oxidation  Is  not 
likely  to  be  sufficient  to  be  considered  as  a 
corrosion,  but  the  presence  of  only  a  very  thin 
oxide  film  will  make  low  emissivity  values  un¬ 
obtainable.  Preliminary  investigation  has  shown 
that  platinum  does  not  oxidize  at  any  tempera¬ 
ture  and  will  therefore  retain  a  polished  sur¬ 
face.  It  is  presently  proposed,  therefore,  to 
plate  or  clad  the  Inconel  with  a  very  thin  layer 
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of  platinum  and  in  this  way  an  emissivity  of 
0.107  may  be  expected  for  the  polished  surface 
at  1600°  F. 

Indications  are  that  the  Inconel  base 
material  can  be  obtained  as  a  foil  as  thin  as 
0.0005  inch  but  until  inquiries  on  this  point  are 
completed  it  will  be  assumed  that  the  minimum 
thickness  is  0.001  inch. 

(3)  Materials  for  the  External  Covering 

The  material  for  the  external 
covering  of  any  loose  form  of  insulation  will  re¬ 
quire  sufficient  mechanical  strength  at  1600°  F, 
to  resist  airloads.  Possible  choices  are  Inconel, 
Haynes  alloy  C,  molybdenum,  and  the  ceramics. 

The  Inconel  X  has  rather  low 
strength  values  at  1600°  F,  but  considerable  in¬ 
formation  and  experience  available  regarding 
its  fabrication,  and  since  this  Information  is 
quite  favorable,  the  Inconel  X  will  be  used  for 
the  present  insulation  evaluation  work. 

For  Inconel  X  at  1600°F  the  fol¬ 
lowing  strength  and  stiffness  values,  which  were 
obtained  from  figures  54,  and  55  will  be  used: 

F  =  25,100  psl 
cy  ’  r 

Ec  -  21 .9  x  10®  psl 

'  HayneB  alloy  C  shows  a  better 

strength  weight  ratio  than  the  Inconel,  and  gc- 
cordlngly  inquiries  are  presently  being  made 
concerning  fabrication  techniques,  welding,  heat 
treatment,  etc. 

The  molybdenum  and  the  ceramics 
are  in  a  much  earlier  stage  of  development  than 
the  materials  mentioned  above  and  will  not  be 
considered  for  the  present  application  until 
much  more  information  becomes  available. 

e.  Insulation  Designs 

Three  basic  insulation  designs  have 
been  developed  which  are  suitable  for  insulating 
any  structure  of  the  MX-2276  third  stage  that 
is  of  conventional  shell  construction,  and  which 


is  in  areas  where  outer  surface  equilibrium 
temperatures  do  not  exceed  1600° F.  This 
temperature  has  already  been  established  (Sub¬ 
section  IV-C3g(2))  as  the  top  limit,  according 
to  present  knowledge,  in  areas  of  primary  struc¬ 
ture. 

The  three  designs  may  be  classified 
according  to  the  type  of  Insulation  used,  as 
follows: 

(1)  Radiation  barrier 

(2)  Loose  fill  Insulation 

(3)  Solid  block  Insulation 

Each  of  these  designs  ha*  Its  advantages  and 
disadvantages,  and  these  will  be  discussed  be¬ 
low.  Each  design,  has  been  adapted,  by  adjust¬ 
ing  the  Insulation  thickness,  to  protect  primary 
structures  of  Inconel  X,  titanium  andaluminum. 
A  complete  summary  of  the  corresponding 
weights  is  given  in  Table  X. 

(1)  Radiation  barrier 

The  radiation  barrier  consists  of  a 
number  of  layers  of  Inconel  foil,  10  x  20  inches 
and  0.001  inch  thick,  each  layer  plated  on  both 
sides  with  a  very  thin  layer  of  platinum.  The 
platinum  will  insure  that  no  trace  of  oxidation 
occurs  so  that  low  values  of  surface  emissivity 
can  be  maintained  throughout  the  service  life 
at  high  temperature.  The  very  thin  foil  has  been 
selected  in  the  Interests  of  minimum  weight,  and 
its  use  requires  that  each  layer  be  separated  to 
avoid  contact  and  hence  excessive  conduction. 
This  Is  accomplished  with  spacers  consisting  of 
thin  sheets  (0.005  inch  thick)  ofFlberfrax.  Very 
low  density  Fiberfrax  is  used,  approximately 
3  lb/ ft3,  so  that  the  heat  transmitted  by  conduc¬ 
tion  along  the  fibers  is  very  small, 

The  complete  assembly  of  alternate 
Inconel  and  Fiberfrax  layers  is  stapled  or  wired 
together  at  intervals  in  order  to  retain  the  sheets 
In  correct  relationship. 

This  radiation  barrier  is,  of  course, 
quite  incapable  of  carrying  aerodynamic  loads, 
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and  accordingly  It  in  covered  by  an  outer,  air¬ 
load-carrying  surface  of  0. 007-lnch  thick  sheet 
backed  with  0.003-inch  thick  corrugations,  3/8- 
inch  deep  and  of  3/4-lnch  pitch.  At  present, 
Inconel  is  proposed  as  the  material  for  this 
covering,  thus  permitting  either  spot  welding 
or  furnace  brazing  of  the  skin  to  the  corruga¬ 
tions. 

To  accommodate  thermal  expansion 
of  the  outer  covering  relative  to  the  inner 
structural  skin,  and  also  to  isolate  this  cover¬ 
ing  from  primary  structural  loads,  the  skin  and 
corrugations  are  also  broken  down  into  panels 
10  x  20  inches. 

Figure  64  shows  a  means  of  at¬ 
taching  these  panels  to  the  primary  structure 
while  still  retaining  freedom  for  thermal  ex¬ 
pansion,  and  reducing  to  a  minimum  the  heat 
conduction  paths  through  the  radiation  barrier. 
The  hat  section  member  shown  in  Figure  64  is 
riveted  permanently  to  the  structural  skin.  The 
hat  section  member  may  be  broken  into  short 
lengths  to  reduce  thermal  stresses  caused  by 
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small  thermal  gradients  which  may  exist  through 
its  depth. 

To  the  top  of  this  hat  section  a 
cermet  strip  is  attached  with  blind,  Inconel 
rivets.  This  strip  serves  both  to  carry  aero¬ 
dynamic  pressure  loads  into  the  hat  section 
member  and  also  to  isolate  thermally  the  outer 
skin-corrugation  panel.  Thickness  of  this  strip 
has  been  kept  down  to  1/8  inch  in  the  Interests 
of  both  weight  saving  and  reduction  of  the  effects 
of  thermal  shock.  The  light-gage  Inconel  channel 
shown  brazed  to  the  skin -corrugation  panel 
forms  a  clip  attaching  the  panels  to  the  cermet 
strip.  The  section  shown  is  typical  of  all  four 
sides  of  the  panel. 

Apart  from  the  question  of  weight, 
which  is  dealt  with  in  Table  X,  the  anticipated 
difficulties  of  this  arrangement  (many  of  which 
are  presently  being  studied)  include  the  follow¬ 
ing: 

(a)  Possible  fabrication  and  hand¬ 
ling  difficulties  with  the  0.003-inch  thick  corru¬ 
gations.  Contact  with  the  Liter  national  Nickel 
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Company  has  established  that  such  an  assembly 
could  be  successfully  furnace-brazed  with  Inconel 
sheet,  using  the  Nicor  process,  or  spot-welded 
with  suitable  small  welding  tools.  Still  unknown 
Is  the  technique  necessary  to  form  corrugations 
from  very  thin  sheet. 

(b)  Preservation  of  sufficient  aero¬ 
dynamic  smoothness,  particularly  around  the 
edges  of  the  panels. 

(c)  Possibility  of  thermal  deforma¬ 
tions  in  the  skin-corrugation  panels  due  to 
temperature  gradients  during  transient  heating 
conditions.  Owing  to  the  very  shallow  corruga¬ 
tions,  such  deflections  are  expected  to  be  very 
minor,  but  this  point  will  require  checking. 

In  establishing  the  material  sizes 
and  thicknesses  for  the  radiation  barrier  design 
an  external  aerodynamic  pressure  of  200  lb/sq  ft, 
positive  or  negative,  was  arbitrarily  assumed. 
A  summary  of  the  calculations  establishing  both 
the  strength  under  aerodynamic  loading,  and  the 
insulation  requirements,  Is  given  below. 


Inconel  X  Corrugated  Panel  Calculations 

Panel  size  -  10  x  20  -  200  sq  in. 

Loading  =  200  lb/sq  ft 

.*.  Panel  load  -  200  x  ~  =  278  lb 
144 

or  13.9  ib/in.of  panel  wid*h 

Considering  a  one- inch  strip  of  the 
panel  as  a  simple  beam,  10  inches  long 

M  „  =  Wl/8  =  13.9x10/8  =  17.4  in.-lb 
max 


Figure  65.  Panel  Section 


For  ease  in  calculation  a  0.75-inch 
width  will  be  used. 


Area  of  Bkin  =  0.75x0.007  =  0.00525  sq  in. 

For  a  corrugation  with  a  pitch  depth 
ratio  =  1 


developed  width  =  2.8  in/ln. 

Area  =  2.0  *  0.003x0.75  =  0.0058  sq  In. 

I0  =  ir  R3t  =  3.14  x  0.1873  x  0.003 

=  0.00628  x  0.00982  =  0.000060 

y  of  Section  =  0.00525  x  0.190/0.00525  + 
0.0058  =  0.00525/0.01105  x 
0.190  =  0.090  in. 

I  of  Section  =  0.0058  x  0.0902  +  0.00525  x 
102  +  0.000060 

=  0.000047  +  0.UUU0525  + 
0.000060 

=  0.000159  inV0.75  inches  of 
panel 

I/inch  =  0.000159/0.75  =  0.000212 
In4 

i/y  (skin)  =  0,000212/0.10  =  0.00212  in3 

1/y  (corrugations)  =  0.000212/0.277  = 
0.000765  in3 

or  (skin)  =  17.4/0.00212  =  8200  psi 

sr  (corrugations)  =  17.4/0.000765 

=  22800  psi 

t  2 

o-cr  of  skin  (Inconel  X  at  1600°F)  =  3.62E(^) 

=  3.62  x  21.9  x  106  (4^p)2 

=  92  x  106  x  0.000087  =  6900  psi 
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<rcr  of  corrugations  (Inconel  X  at  1600°F) 

=  0.3—=  0.3  x  21.9  x  106  x  0.003/0.187 
r 

=  10,600  psi 

o’cyp  =  0.81  x  100  x  0.31  =  25,100  psi 
(See  Figure  54) 

The  above  calculations  show  that 
the  proportions  of  the  panel  are  such  as  to 
support  the  selected  airload;  slight  buckling  of 
the  skin  might  occur  between  corrugations  at 
ultimate  load. 

The  following  conditions  apply  to 
all  of  the  calculations  for  insulations  which 
follow: 

(a)  Skin  thickness  assumptions  are 
based  upon  a  loading  of  approximately  4000 
pounds  per  inch,  which  Is  considered  typical  of 
the  loading  which  will  be  encountered  in  the 
third  stage  of  the  MX-2276,  They  also  corres¬ 
pond  to  about  the  average  thicknesses  required 
for  either  a  skin-stringer  or  cylindrical  shell- 
type  of  construction. 

(b)  Three  typical  skin  materials 
arc  considered  working  at  the  following  tem¬ 
peratures. 

75S-T  aluminum  alloy  (200° F)  t  =  0.125  In. 

RC-130A  titanium  (600“*')  t  =  0.125  in. 

Inconel  X  (1200° F)  t  =  0,100  in. 

(c)  The  time  (0)  is  taken  to  be  60 
minutes  and  the  temperature  of  the  outside 
surface  1600°F  (T0).  The  Initial  structure 
temperature  is  assumed  to  be  lOCTF  (T^J. 

Radiation  Barrier  Calculations: 

9  =  60  min  T0  =  1600°F  =  100° F 

Mr  9  -  D  (See  Figure  62) 

p  <o  9 

wiiich  becomes  n  =  7TT7 - 5T 

Cp‘ W1 


where:  eQ  =  effective  emissivity  of  the  re¬ 
flecting  surfaces,  assumed  the 
same  for  each 

t 

*o  ~  2  -e 

t  =  emissivity  of  platinum  plated 

foil 

<  =  0.107 

p  =  structure  material  density 

=  structure  material  specific  heat 

t  -  structure  material  thickness 

n  =  number  of  radiation  shields 

Mr®  =  constant  for  particular  temper¬ 
ature  condition  (Figure  63) 

,’.«0=  =  0.107/2-0.107  =  0.107/1.893 

-  0.0565 

(3)  Loose  fill  insulation 

This  insulation  design  Is  essentially 
a  loose  fill  of  Fiberfrax  material  having  the 
optimum  density  of  6  lb/ft3  and  contained  with¬ 
in  an  airload-carrying  outer  skin  exactly  as 
described  above  for  the  radiation  barriers.  The 
difficulties  mentioned  above  with  the  radiation 
barrier  system  apply  here  also.  The  principal 
differences  between  the  two  arrangements  are 
weight  and  total  thickness,  this  latter  an  im¬ 
portant  item  with  wing  Insulation  since  the 
maximum  possible  wing  depth  is  required  for 
primary  structure.  Values  for  weight  and 
total  thicknesses  are  given  In  Table  X,  and 
calculations  for  insulation  thickness  are  given 
in  Table  IX. 

(4)  Solid  block  Insulation 

This  insulation  design  was  devel¬ 
oped  to  eliminate  the  large  amount  of  delicate 
sheet  metal  fabrication  inherent  in  the  pre¬ 
vious  designs,  and  also  to  more  easily  attain  the 
required  aerodynamic  smoothness.  The  ar¬ 
rangement  is  illustrated  in  Figure  66  which 
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TABLEVIil 

RADIATION  BARRIER  CALCULATIONS 


STRUCTURE 

MATERIAL 

T. 

^H6 

P 

C 

P 

t 

m 

n 

75S-T  Bare 

200" 

40 

0.67 

0.10 

0.21 

0.125 

0.00262 

31 

RC-130A 

600" 

130 

2.16 

0.17 

0.13 

0.125 

0.00176 

14 

Inconel  X 

1200“ 

360 

6.0 

0.30 

0.105 

0.10 

0.00315 

2 

TABLE  IX 

CONDUCTION  BARRIER  CALCULATIONS 


STRUCTURE 

T 

s 

T  -T 

O  8 

B 

'V 

w 

K 

mmi 

MATERIAL 

Fibcr- 

frax 

Sll-O-Cel 

Flber- 

frax 

Sil-O-Cel 

75S-T  Bare 

200° 

1400 

600 

10 

0.00262 

0.0262 

0.66 

0.61 

25.2 

23.2 

RC-130A 

600° 

1000 

3500 

58.4 

0.00176 

0.102 

- 

0.804 

0,66 

. 

7.9 

6.5 

Inconel  X 

1200° 

400 

11000 

183 

— 

0.00315 

0.576 

1.08 

0.715 

_ 

1.87 

1.23 
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TABLE  X.  INSULATION  WEIGHTS 


RADIATION  BARRIER  -  WEIGHTS/SQ  FT  OF  SURFACE 

Structural 

Aluminum 

Titanium 

Inconel  X 

Material 

ITEM 

75S-T  Bare 

RC-130A 

Outer  Skin 

0.320 

0.320 

0.320 

Corrugation 

0,320 

0.320 

0.320 

Ceramic  Block 

0.310 

0.310 

0.3)0 

Corrugation  Edge  Member 

0,063 

0.063 

0.063 

Hat  Section 

0.260 

0.260 

0.260 

Radiation  Barriers 

1.340 

0.605 

0.088 

Flberfrax  Spacers 

0.039 

0.018 

0.002 

Total  Weight  (lb/sq  ft) 

2.652 

1.8S6 

1.381 

Total  Thickness  (In.) 

0.56 

0.50 

0.40 

LOOSE  FILL  INSULATION  -  WEIGHTS/SQ  FT  OF  SURFACE 

r 

Outer  Skin 

0.320 

Corrugation 

0.320 

Ceramic  Block 

J 

0.310 

< 

< 

Corrugation  Edge  Member 

P 

P 

0.063 

U 

u 

Hat  Section 

21 

£ 

Q, 

0.500 

Flberfrax  Fill 

9 

9 

0.940 

Total  Weight  (lb/sq  ft) 

2.453 

Total  Thickness  (in.) 

1  2.25 

r-  - 

j  BLOCK  INSULATION  -  WEIGHTS/SQ  FT  OF  SURFACE 

Sil-O-Cel  Block 

-3 

2.43 

Ceramic  Bolt 

< 

< 

0.14 

U 

u 

p 

p 

Ceramic  Coating 

u 

£ 

o 

< 

0.30 

5 

Total  Weight  (lb/sq  ft) 

a* 

a 

S 

2.87 

Total  Thickness  (in.) 

1.24 

I 
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scale:  full  and  half  size 


SPANNER  HOLES 
FOR  TI3HTENIN6 


3/16  BOLT  CAST  IN 
CERAMIC  PLUS 


STRUCTURE  SKI 


ATTACHMENT  CLIP 


Figure  66.  Solid  Insulation  Design  Detail 


shows  a  covering  for  the  structural  shell  of 
10  in. -square  blockB  of  insulating  fire  brick 
material.  Thickness  of  the  blocks  is  arranged 
to  give  the  required  structural  temperature¬ 
time  conditions. 

Each  block  is  held  in  position  by  a 
single  center  attachment  consisting  of  a  large 
countersunk  pin  of  ceramic  material,  in  which 
is  embedded  a  standard  bolt  of  heat-resisting 
steel  or  Inconel.  The  combined  ceramic- 
metal  bolt  Is  screwed  into  a  captive  nut  carried 
by  a  small  bracket  attached  permanently  to 
the  structural  skin. 

Each  block  is  spaced  from  its 
neighbors  with  a  gap  sufficient  to  accommodate 
thermal  expansion  and  structural  strains,  and 
the  edges  of  the  blocks  overlap  to  seal  the 
structure  from  direct  contact  with  the  hot 
boundary  layer. 

The  outer  surface  of  the  blocks 
is  protected  from  abrasion,  and  the  porosity 
Is  rendered  aerodynamlcatly  smooth  by  a 

90 


sprayed  ceramic  coating.  It  is  anticipated  that 
this  coating  could  be  thick  enough  that  the  whole 
surface,  Including  the  attachment  bolts,  could 
be  ground  smooth  after  assembly  on  the  air¬ 
frame.  Contact  between  the  blocks  and  the 
structural  sktn  is  restricted  to  a  small  area 
around  the  edge  of  the  block,  so  that  additional 
insulation  Is  provided  by  the  gap  between  the 
blocks  and  the  skin. 

With  the  arrangement  described 
above  any  block  Is  readily  removable  for 
replacement  or  for  access  to  the  skin  beneath. 

This  design  depends  upon  the  me¬ 
chanical  strength  of  the  insulation  material 
to  resist  aerodynamic  loads,  and  available  in¬ 
formation  suggests  that  this  strength,  although 
small,  Is  adequate  due  to  the  comparatively 
large  thicknesses  required.  In  view  of  the 
nature  of  the  material,  however,  this  point  is 
considered  worthy  of  much  more  consideration, 
and  accordingly  samples  of  the  material  have 
been  requested  for  Inspection  and  evaluation. 
At  the  present  time  these  samples  have  not  been 
received. 
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Two  other  problems  with  this  type 
of  insulation  require  further  investigation. 
These  problems  are  the  possibility  of  thermal 
shock  failures  in  the  insulating  block,  and  the 
question  of  adhesion  between  the  block  and  its 
ceramic  coating.  More  consideration  can  be 
given  to  these  questions  when  samples  are 
received. 

Calculations  pertaining  to  the  solid 
insulation  design  are  summarized  below. 


Conduction  Barrier  Calculations: 


9  =  60  min  T0  =  1600°F  Tj  =  100  F 
(Tq-Ti)  =  1500°F 

Me  =  (k/x)l/ p  C()t 
or  x  =  (k//rc)l /  pC^t 


where:  x  =  thickness  of  insulator,  in. 
k  =  conductivity  of  Insulator 
p  =  structure  material  density 
Cp=  structure  material  specific  heat 
t  =  structure  material  thickness 
Hc  -  constant  (from  Figure  64). 
f.  Cooling 

The  subject  of  cooling  has  not  been 
pursued  to  any  great  extent  to  date.  Some  data 
have  been  collected  for  the  cooling  or  heat 
capacities  of  some  cooling  fluids  which  might 
find  application  in  the  design  of  the  MX-2276 
airframe.  Figure  67  is  a  plot  of  heating 
capacity  per  pound  of  coolant  weight  vs  final 
coolant  temperature,  resulting  from  this  pre¬ 
liminary  study. 


Figure  67.  Heat  Capacity  of  Cooling  Fluids, 
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Cooling  arrangements  that  will  be  con¬ 
sidered  In  future  studies  will  Include  systems 
using  circulating  liquids,  with  or  without  vapori¬ 
zation;  sweat  cooling'  with  liquids;  cooling  by  the 
ejection  of  gas;  and  cooling  by  ablation.  As  with 
the  insulation  studies,  the  studies  of  cooling  will 
concentrate  on  methods  which,  after  an  initial 
consideration,  show  the  most  promise.  Factors 
to  be  considered  will  Include  the  following: 

(1)  Choice  of  cooling  liquids  or  gases, 
including  precooled  coolants. 

(2)  Selection  of  materials  for  cooling 
pipes,  or  the  surface,  etc.,  of  the  cooled  regions. 

(3)  Methods  of  pumping  and  circulating 

coolants. 

(4)  Comparison  ol  weights  of  various 
cooling  methods  including  fluid  or  gas  weights, 
associated  structure,  piping,  etc;  and  weight  of 
pumping  machinery.  Weights  will  be  compared 
on  the  basis  of  total  heat  Input  with  a  considera¬ 
tion  also  of  the  external  skin  temperatures. 

(5)  methods  ol  attaching  the  cooling 
elements  and  the  associated  structure  to  the 
primary  airframe  structure  with  allowance  for 
thermal  expansions,  and  structural  deflections. 
Typical  splices  and  joints,  connections  for  cool¬ 
ant  lines;  etc. 

g.  Discussion  and  Results 

Before  considering  the  results  pre¬ 
sented  above,  it  should  be  notfi  that  one  of  the 
original  assumptions  made  in  the  calculation  of 
insulation  thicknesses  was  that  the  heat  capacity 
of  the  Insulation  could  be  neglected.  In  the  case 
of  the  extreme  thicknesses  of  the  solid  insula¬ 
tion  shown  above,  this  assumption  is  obviously 
not  valid,  but  it  is  also  clear  that  even  when 
appropriate  corrections  are  made,  the  radiation 
barriers  are  much  superior  on  a  weight  basis, 
to  either  the  solid  block  insulation  or  the  Fiber- 
frax.  It  should  be  emphasized  that  this  conclu¬ 
sion  is  not  general,  but  applies  only  to  the  MX- 
2276  third  stage.  It  Is,  in  fact,  a  direct  result 
of  the  long  flight  time.  The  solid  Insulation 
weight  is  proportional  to  time  of  flight,  while 


only  the  smaller  part  of  the  radiation  barrier 
weight  depends  on  time. 

This  conclusion  also  applies  only  to  in¬ 
sulation  designed  to  protect  shell-type  struc¬ 
tures.  Reference  1  originally  proposed  that 
certain ’portions  of  the  third-stage  wing  be  con¬ 
structed  of  a  grid  of  Haynes  Stellite  alloy  with 
the  spaces  filled  with  blocks  ol  Uiatomaceous 
earth,  each  block  being  the  full  depth  of  the 
wing  section.  This  proposal  is  not  invalidated 
by  the  above  conclusion;  its  evaluation  will  come 
later  In  the  program,  under  "Structural  Confi¬ 
gurations." 

Considering  now  the  unit  weights  of 
radiation  barrier  type  insulation,  as  presented 
in  Table  X,  the  weights  shown  for  the  titanium 
and  Inconel  structures  are  of  the  same  order 
(approximately  2  lh/sq  ft)  as  the  insulation 
weights  contemplated  in  the  original  proposal, 
Reference  1.  It  Is  inappropriate,  lnthis  section, 
to  consider  structural  configurations,  butavery 
preliminary  calculation  of  weights  of  structure 
plus  Insulation,  based  on  Figure  64  and  Table  X, 
suggt-sls  that  the  insulated  aluminum  structure 
will  give  the  lightest  weight. 

If  this  present  conclusion  is  upheld 
by  more  refined  calculations  It  will  still  be 
necessary  to  optimize  the  maximum  structural 
temperature  for  minimum  weight  of  combined 
insulation  and  structure. 

The  wetted  area  oi  the  MX-2276  third 
stage  is  approximately  2200  square  feet.  If  it  is 
assumed  that  75%  of  this  area  will  require  Insu¬ 
lation,  then  the  total  weight  of  insulation,  for  a 
shell-type  aluminum  structure,  will  be  of  the 
order  of  4400  lb. 

The  need  for  refining  the  design  of 
Figure  64  to  obtain  minimum  weight,  is  im¬ 
mediately  apparent,  and  this  can  be  accomplished 
by  some  or  all  of  the  following  methods: 

(1)  Variation  of  outer  panel  length  and 
width  until  the  optimum  combination  of  skin- 
corrugation  weight  and  edge  attachment  weight 
is  obtained. 
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(2)  Refinement  of  the  detail  design  of 
the  edge  attachments. 

(3)  Venting  between  inner  and  outer 
surfaces  of  the  skin-corrugation  combination  so 
that  pressures  are  more  nearly  equalized  and 
more  airload  is  carried  directly  on  the  struc¬ 
tural  skin.  This  will  permit  thinner  skin  and 
corrugation  material. 

(4)  Further  development  of  the  lami¬ 
nated  Inconel  foil  and  Fiberfrax  barriers  to 
achieve  lower  values  of  emtesivlty,  and  thinner 
foils  and  spacers. 

(5)  Development  ol  alternate  designs 
for  the  outer  covering  and  its  attachment. 


(6)  Using  layers  of  radiation  foil  of 
lesser  density  material,  such  as  aluminum, 
adjacent  to  the  structural  member,  especially 
in  the  case  where  aluminum  structure  is  used 
and  lower  structure  "temperatures  are  main¬ 
tained. 

h.  Future  Work 

As  in  the  case  of  structural  materials, 
the  major  portion  of  the  work  of  collecting  and 
tabulating  insulating  materials  is  complete;  the 
Information  however  will  be  expanded  as  infor¬ 
mation  becomes  available.  Most  of  the  future 
work  anticipated  will  be  to  improve  and  optimize 
insulation  combinations  as  suggested  in  the  pre¬ 
vious  paragraph  of  conclusions. 


I  GENERAL 

a.  Requirements 

The  selection  of  the  navigation  system 
for  the  MX-2278  bomber  and  missile  is  a  func¬ 
tion  of  the  mission  requirements.  The  require¬ 
ments  which  have  been  assumed  as  a  basis  of 
system  comparison  are  as  follows: 

(1)  Bombing  mission:  the  missile 
should  have  an  accuracy  such  that  the  missile 
warhead  can  be  detonated  with  a  one-mile  CEP, 
at  a  target  whose  local  map  coordinates  are 
previously  specified,  at  any  range  between  2000 
and  8000  nautical  miies  from  the  take-off  site. 


(2)  Reconnaissance  mission:  The 
bomber  should  be  capable  of  flying  over  a  speci¬ 
fied  map-line  with  a  lateral  tolerance  of  5  miles 
over  a  distance  from  2000  to  8000  nautical  miles 
from  the  take-off  site.  Information  must  be 
available  to  permit  orientation  and  correlation 
of  optical  and  radar  information  with  an  rms 
error  of  1/2  nautical  mile  using  map  geodetic 
controls  at  take-off  and  landing  sites. 

(3)  Bomber  landing  mission:  The 
bomber  should  be  capable  of  navigating  automa¬ 
tically  to  a  specified  landing  site  at  a  distance  of 
6000  to  10,000  nautical  miles  from  the  take-off 
site,  with  an  error  of  less  than  lOnautical  miles. 

b.  Types  of  Systems 

Four  classes  of  navigation  systems 
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were  considered  which  might  be  applicable  to 
the  MX-2278  weapon. 

(1)  All-inertial  guidance. 

(2)  Doppler -aided  inertial  guidance 

(3)  Position-aided  inertial  guidance 

(a)  Loran  typo 

(b)  ttadar  beacon 

(c)  Navarho 

(d)  ATRAN  map-matching 

(e)  Star  tracker 

(4)  All-positional  electronic  guidance 

(Same  position -fix  possibilities 
above) 

c.  Criteria 


pilot  as  standby  sources  of  navigation  informa¬ 
tion  for  use  at  his  discretion  In  diverting  to  an 
alternate  target  or  landing  site,  correction  of 
mapping  errors,  or  other  action  requiring  judg¬ 
ment  and  decision. 


1.  INERTIAL  GUIDANCE  SYSTEM 

a.  General 

The  tremendous  speed,  short  time  of 
flight,  and  long  range  of  Stage  III  create  many 
navigational  problems  which  are  peculiar  to  this 
particular  weapon  system.  Therefore,  it  might 
he  expected  that  the  solutions  will  be  somewhat 
unconventional  compared  with  present  naviga¬ 
tion  and  guidance  schemes.  However,  the 
methods  under  consideration  are  of  tne  type 
which  should  evolve  from  the  present  trend  of 
development,  rather  than  revolutionary  systems 
which  require  completely  newfields  of  research. 


Thnsp  classes  of  navigation  were  eval¬ 
uated  considering  the  following  aspects  in  addi¬ 
tion  to  the  basic  accuracy  requirements; 

(1)  Weight  of  airborne  equipment  (plus 

cost  and  power  consumption) 

(2)  Number  of  ground  stations  and  their 

complexity  (plus  operating  per¬ 
sonnel,  maintenance  cost,  etc.) 

(3)  Present  state  of  the  art  (and  esti¬ 

mate  of  development  in  10  years) 

(4)  Flexibility  of  use  and  capability  of  . 

independent  action  by  pilot. 

(The  factors  shown  in  parentheses  were  ■ 
secondary  considerations  only.) 

d.  System  Selected 

As  a  result  of  these  studies,  the  pri¬ 
mary  navigation  system  chosen  is  all-inertial; 
the  radar  and  optical  systems  are  used  pri¬ 
marily  for  reconnaissance  but  can  serve  the 


The  short  time  of  flight  involved  in  the  j 

MX-2276  missions  is  advantageous  to  the  , 
inertial  instrumentation.  On  the  other  hand, the 
long  range  makes  the  task  of  accurate  naviga¬ 
tion  rather  difficult.  This  becomes  obvious  .,!■ 
when  the  various  effects  which  have  to  be 
accurately  accounted  for  in  the  navigation  sys¬ 
tem  are  considered.  These  effects  range  from  ,L 
the  complexities  connected  with  three-coordl-  f 
nate  navigation,  and  the  difficulties  encountered  f 

in  avoiding  polar  ambiguities  of  the  coordinate 
system,  to  the  accurate  simulation  of  earth  t 
curvature,  earth  rotation,  and  Coriolis,  cen-  | 

trtfugal,  and  gravitational  accelerations.  Never- 
theless,  it  appears  that  with  new  or  improved 
methods  and  components,  the  gradual  progress  [ 

in  ail  fields  pertaining  to  inertial  guidance  j.. 

promises  satisfactory  solutions  within  the 
necessary  time  period.  Such  expectations  ap-  ( 
pear  particularly  justified  considering  the  rapid  J. 
progress  in  the  field  of  guidance  over  the  past 
10  to  15  years.  t 

However,  considering  the  present 
state-of-the-art,  the  question  arises  as  to 
whether  or  not  it  is  possible  to  improve  the 
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performance  of  aa  inertial  navigation  system  in 
this  particular  case,  by  means  of  Doppler  or 
search  radar.  Owing  to  the  relatively  high  ac¬ 
celerations,  the  ascending  portion  of  the  flight 
is  the  most  difficult  phase  as  far  as  gyro  drift, 
accelerometer  characteristics,  etc.,  are  con¬ 
cerned.  During  the  cruise  phase  the  accele¬ 
rations  are  much  lower,  hence,  the  errors  are 
much  smaller.  Therefore,  if  it  is  possible  to 
achieve  precise  Initial  conditions  in  the  inertial 
system  at  the  beginning  of  the  cruise  phase,  the 
navigation  system  can  perform  much  better 
over  the  whole  flight  path.  For  this  reason,  the 
over-all  gain  from  correcting  the  Inertial  sys¬ 
tem  over  the  ascending  portion  of  the  flight  path 
can  be  very  significant.  The  combination  of  the 
inertial  system  with  a  Doppler  radar  or  a 
similar  system  which  can  provide  accurate 
velocity  information  during  the  boost  period, 
will  provide  such  a  gain. 

For  example,  it  Is  conceivable  that  a 
ground-based  installation  like  the  Azusa  system 
(a  phase-comparison  system)  could  determine 
bomber  velocity  information  during  the  boost 
phase  with  the  necessary  accuracy.  This  ve¬ 
locity  could  be  measured  in  three  coordinates, 
resolved  into  the  present  coordinates  of  the 
navigation  system,  and  compared  with  the  ve¬ 
locity  outputs  of  the  inertial  system.  These 
velocity  error  signals  in  three  coordinates  may 
be  determined,  and  used  to  keep  the  stabilized 
platform  aligned,  and  to  correct  for  any  de¬ 
viations  in  the  velocity  stages  of  the  inertial 
system.  Combinations  of  Doppler  and  Inertial 
systems  have  already  been  instrumented  sucess  - 
fully,  so  that  no  major  problems  should  be  pre¬ 
sented  from  this  standpoint. 


A  suitable  practical  method  for  com¬ 
parison  of  Doppler  and  inertial  velocity  data  can 
be  designed  along  the  following  lines.  Doppler 
computations  and  resolutions  Into  Inertial  sys¬ 
tem  coordinates  are  performed  on  the  ground. 

velocity  data  are  transmitted  to  the 
ground.  Error  signals  determined  from  the 
comparison  of  Doppler  and  Inertial  data  are 
transmitted  back  to  the  bomber  where  they  can 
be  used  for  correction  of  the  navigation  system. 
This  would  keep  the  additional  equipment  in  the 
bomber  at  a  minimum. 


The  disadvantages  in  the  use  of  a 
ground-based  Doppler  radar  are  increased  com¬ 
plexity  of  the  over-all  Instrumentation,  a  de¬ 
creased  reliability  resulting  from  the  increased 
complexity,  the  vulnerability  of  a  large  ground 
installation  to  enemy  attack,  and  the  difficulties 
and  time  required  to  build  or  replace  these  in¬ 
stallations.  The  Doppler  ground  installation  can 
be  replaced  by  a  Doppler  radar  in  the  bomber, 
thus  overcoming  some  of  these  disadvantages; 
however,  the  Increase  in  bomber  equipment 
weight  would  be  a  very  serious  problem.  More¬ 
over,  the  required  Doppler  accuracy  of  better 
than  0.01%  of  the  velocity  (which  reaches  a 
maximum  of  22,000  ft/sec)  appears  to  be  far  In 
the  future  if  the  radar  weight  and  complexity 
arc  limited. 

The  use  of  position-monitoring  of  the 
inertial  system  utilizing  a  search  radar  in  the 
bomber  has  provided  improved  inertial  system 
operation  in  Borne  applications,  and  was  there¬ 
fore  investigated  for  this  application.  The 
monitoring  can  be  performed  through  the  use  of 
checkpoints  consisting  of  radar  reflectors  along 
the  initial  flight  path  nf  the  bomber.  This  means 
intermittent  correction  of  the  Inertial  instru¬ 
mentation  by  radar  position  measurements.  This 
preliminary  study  considered  that  the  boost  flight 
time  is  in  the  order  of  6  to  10  minutes,  and  that 
the  range  error  of  the  inertial  system  at  the 
beginning  is  very  smalt.  The  results  indicate 
that  present  day  radar  accuracies  (in  the  order 
of  1500  ft  CEP)  would  have  to  be  improved  more 
than  ten  times  to  appear  promising  in  this  con¬ 
nection.  This  is  partially  due  to  the  fact  that 
both  altitude  and  speed  of  the  MX-2276  are  very 
high.  Or  this  basts,  the  possibility  of  improving 
the  accuracy  by  position  monitoring  during  boost 
appears  very  poor. 

In  summary,  the  basic  inertial  system 
with  improved  components  and  techniques  ap¬ 
pears  capable  of  satisfactory  accuracy.  Con¬ 
siderable  improvement  in  the  capability  of  pres¬ 
ent  day  inertial  systems  might  be  gained  if  the 
conditions  at  the  beginning  of  cruise  are  known 
very  accurately.  The  use  of  a  ground-based 
Doppler  radar  system  during  boost  will  provide 
a  better  knowledge  of  these  conditions  at  that 
time.  However,  the  use  of  an  airborne  search 
radar  dees  not  appear  to  offer  any  improvement. 
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The  following  study  presents  the  Inves¬ 
tigations  of  the  Inertial  Instrumentation  alone. 
Through  a  complete  Investigation  of  the  prob¬ 
lems  and  the  design  of  this  system,  a  more  defi¬ 
nite  conception  of  the  navigation  system  can  be 
obtained.  After  this  concept  is  determined,  the 
combination  of  such  an  inertial  system  with 
available  ground-based  Doppler  systems  can  be 
studied  more  completely. 

b.  Bomber  Navigation  System 

In  order  to  produce  instantaneously 
accurate  position  information  during  the  flight 
it  is  necessary  to  install  a  navigation  system 
in  the  bomber.  This  will  enable  the  pilot  to 
coordinate  all  observations  along  the  flight  route 
as  to  their  positions  on  the  globe.  The  require¬ 
ments  for  such  a  navigation  system  are  that  it 
can  operate  over  the  total  conceivable  area  for 
any  MX-2276  mission  and  avoid  any  ambiguities 
or  coordinates  which  are  difficult  to  instrument. 

(1)  Suitable  Navigational  Coordinate 

Systems 

One  oi  the  simplest  systems  to  in¬ 
strument  is  the  conventional  latitude  and  longi¬ 
tude  coordinate  system  where  the  measurements 
are  performed  along  the  horizontal  north  and 
east  directions.  However,  this  system  hasdefl- 
nlte  disadvantages.  Since  the  operational  area 
of  MX-2276  extends  across  the  northern  polar 
region  an  ambiguity  at  the  north  pole  appears 
unavoidable  with  this  conventional  system.  In 
order  to  overcome  this  difficulty,  a  transverse 
polar  system  has  to  be  chosen,  where  the  total 
conceivable  operational  area  does  not  coincide 
with  one  of  the  system  poles.  This  offsets  to  a 
considerable  extent  the  simplicity  of  the  con¬ 
ventional  polar  coordinate  system,  but  permits 
navigation  over  vast  areas  of  the  globe. 

Such  a  transverse  system  Is  based 
on  its  orientation  on  a  great  circle  between  take¬ 
off  and  landing  point.  Since  it  is  desirable  for 
reasons  of  simplicity  to  measure  horizontal 
accelerations  in  two  mutually  perpendicular  co¬ 
ordinates,  a  system  based  on  transverse  longi¬ 
tude  and  latitude  appears  to  be  suitable.  Two 
possibilities  exist  as  to  the  identification  of  the 


great  circle  between  take-off  and  landing  point; 
with  a  meridian,  or  with  the  equator  of  such  a 
system. 

The  choice  between  these  two  pos¬ 
sibilities  is  determined  by  the  range  of  the  sys¬ 
tem.  If  the  system  is  chosen  where  the  great 
circle  between  take-off  and  landing  site  repre¬ 
sents  a  meridian,  a  range  of  10,000  n.  miles 
seems  practically  impossible.  The  reason  for 
tliis  is  that  at  both  the  take-off  and  the  landing 
site  the  bomber  approaches  too  closely  the  poles 
of  this  transverse  system  which  are  about 
10,800  n.  miles  apart.  The  equator  system  has 
no  such  limitations.  Therefore,  it  is  the  sys¬ 
tem  considered  in  the  following  description, 

(2)  The  Transverse  Polar  Coordinate 

System. 

As  mentioned  above,  this  coordinate 
system  is  defined  so  that  its  equator  represents 
a  great  circle  between  take-off  and  landing  site. 
However,  the  target  which  is  to  be  crossed  by 
the  bomber  during  one  mission  can  conceivably 
bo  off  this  great  circle  by  an  appreciable  dis¬ 
tance. 

Let  A  denote  the  angle  between  the 
earth's  equatorial  plane  and  the  plane  of  the 
great  circle  defined  above  (Figure  68).  Define 
the  principal  meridian  as  the  meridian  passing 
througli  the  northernmost  point  of  the  great 
circle.  Let  L'  be  the  range  coordinate  mea¬ 
sured  in  an  eastern  direction  along  the  great 
circle  from  the  principle  meridian,  and  X'the 
cross-range  coordinate  measured  perpendicular 
to  the  great  circle,  positive  in  the  northern  di¬ 
rection.  Any  point  on  the  earth  can  then  be  de¬ 
fied  by  the  coordinates  (L',  X’  ).  Moreover,  L' 
and  X'  form  a  conventional  longitude-latitude 
system  with  the  previously  defined  great  circle 
as  its  equator  (Figure  69).  This  system  will  be 
referred  to  as  the  transverse  longitude  and  lati¬ 
tude  coordinate  system. 

(3)  The  Stabilized  Platform  of  the  Navi¬ 
gation  System 

The  navigation  system  working  on 
the  basis  of  this  coordinate  system  contains  a 
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Figure  6H.  Location  of  Transverse  Coordinate 
System  with  Respect  to  Conventional 
Latitude  and  Longtltudc 


PRINCIPAL  MERIDIAN- 


Figure  69.  Transverse  Coordinate  System 


gyro- stabilized  platform.  This  makes  It  possible 
to  maintain  the  three  accelerometers  with  their 
measuring  axes  along  the  coordinates  of  trans¬ 
verse  longitude  and  latitude  and  the  vertical  di¬ 
rection  on  the  earth. 

The  platform  isgimballedin  3  axes, 
coincident  with  yaw,  pitch,  and  roll  in  horizontal 
flight  (Figure  70).  The  inner  element  of  the  plat¬ 
form  is  separated  Into  the  accelerometer  sec¬ 
tion  and  the  gyro  section  which  are  rotatable 
relative  to  each  other  about  an  axis  parallel  to 
X\  It  so  represents  afour-gimbal  Bystem  which 
appears  to  be  favorable  In  connection  with  the 
special  geometry  selected  and  the  expected 
flight  paths  of  the  bomber. 

As  the  general  direction  of  all 
bomber  flight  paths  is  along  the  equator  of  the 
transverse  system,  the  horizontal  velocity  com¬ 
ponents  normal  to  It  remain  rather  small.  Hence, 
whereas  it  appears  Imperative,  because  of  the 
high  Sliced,  to  introduce  the  platform  rotation 
about  the  X’  -axfB  by  other  than  torqulng  means, 
It  1b  entirely  feasible  and  practical  to  handle  the 
small  angular  velocities  about  the  L'-axls  by 
gyro  iorquing,  This  permits  the  construction  01 
this  four-gimbal  arrangement,  which  is  far  su¬ 
perior  to  any  five-gintbal  platform  from  the 
standpoint  of  weight  and  size.  The  platform 
shown  in  Figure  70  combines  the  advantages  of 
the  gyro  torqulng  techniques  with  those  of  a 
multiple  gimhal  arrangement. 


Figure  70.  Possible  Platform  Design  for 
MX-2276  Navigation  System 
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The  platform  is  rotated  lor  earth 
rotation  both  about  the  vertical  and  about  an  axis 
parallel  to  L’  by  torqulng  of  the  gyros.  The 
rate  of  angular  motion  due  to  earth  curvature 
about  the  X'  -direction  is  introduced  by  a  me¬ 
chanical  rotation  between  the  gyro  and  the  ac¬ 
celerometer  section.  This  is  performed  by  a 
motor  turning  the  accelerometer  portion  rela¬ 
tive  to  the  gyro  carrier  according  to  the  dis¬ 
tance  measured  in  the  L‘ -direction,  (see  Fig¬ 
ure  70).  This  appears  advantageous  from  the 
standpoint  that  the  high  velocity  components  of 
the  bomber  developing  along  the  L'  -direction 
would  require  a  very  great  torquer  accuracy 
with  respect  to  its  range,  If  the  rotation  of  the 
platform  had  to  be  performed  by  torqulng.  Since 
the  velocity  components  In  the  X  -axis  are  com¬ 
paratively  small  and  the  deviations  from  the 
great  circle  are  assumed  not  to  exceed  about 
1000  n.  miles,  the  corresponding  rotations  of 
the  accelerometer  system  about  the  vertical  and 
the  L'  -direction  are  performed  by  torqulng  of 
the  gyros. 

(4)  Position  Computer  of  the  Navigation 

System 

The  second  Important  portion  of  the 
navigation  system  la  the  position  computer.  This 
uses  the  output  of  the  three  accelerometers  and 
computes,  mainly  by  double  integration,  the 
instantaneous  position  of  the  bomber  In  the  trans¬ 
verse  longitude  and  latitude  coordinate  system. 
Moreover,  it  supplies  the  various  signals  for 
torqulng  the  gyros  and  rotating  the  acceler¬ 
ometer  platform  section  relative  to  the  gyro 
section.  This  Instrumentation  is  represented 
by  the  block  diagram  of  Figure  71.  The  nomen¬ 
clature  for  the  block  diagrams  is  presented  In 
Table  XI. 


It  will  be  noted  that  In  each  of  the 
two  horizontal  position  channels,  a  Schuler  loop 
is  used  to  keep  the  accelerometers  level.  It  Is 
anticipated  that  at  the  long  range  of  the  MX-2276, 
corrections  will  have  to  be  made  for  the  change 
in  radius  of  curvature  of  the  geold  as  a  function 
of  latitude,  direction,  and  altitude.  Ifadirection 
angle,  ft  ,  is  defined  as  the  angle  between  north 
and  the  positive  X’  -direction,  and  X  represents 
geographic  latitude,  a  solution  of  the  triangle 


PNO  on  Figure  68  results  in  the  following  expres¬ 
sions: 


(1) sin  X  ■  coi  A  tin  X'+  sin  Acot  L'cosX' 

(2) sln/i  a  sin  A  -*~- 

COfA 


Approximating  the  geold  by  an  elllpBold  with 
equatorial  radius,  a,  and  eccentricity,  e,  the  de¬ 
sired  curvatures  at  altitudes,  h  ,  above  sea  level 
can  be  shown  to  be  the  following: 


(3) 


K 


wijit  •*(sln*AsiniL'- iln*X )~  -£-J 

(41  -l/i  [| .  c».V]  -t; 

x  K 

W  --  [i*  s*(l-  »lneA»in*L'— |-»lnlX)-  -jpj 


.. — •O'O" — 1  "■*  )• 


Figure  71.  Schematic  Diagram  of  Navigation 
System 
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TABLE  XI.  BLOCK  DIAGRAM 
NOMENCLATURE 

a  =  Acceleration 

c  =  Acceleration  Correction 

go  =  Gravitational  Acceleration  at  Sea 

Level 

h  =  Altitude  above  Sea  Level 

R  -  Earth  Radius 

V  =  Velocity  on  the  Earth 

X'  =  Transverse  Latitude 

v  =  Platform  Angle 

L'  =  Transverse  Longitude 

u  =  Component  of  Earth  Rotation 

(lip  "  go  / 

XR 

V'  ~  Yaw  Angle 

9  =  Pitch  Angle 

4>  =  Roll  Angle 

Ai p  =.  Angular  Deviation  between  Horizontal 

Projection  of  Line  of  Sight  and 
Attitude  Axis  of  Missile 

P  =  Range  to  go 

-  =  Electrical  Information 

- -  Mechanical  Information 

SUBSCRIPTS: 

H  =  Horizontal 

D  =  Dive 

S  =  Slant 

P  =  Platform 

h '  =  Vertical  Direction 

X'  =  Cross  Range  Direction* 

L'  =  Range  Direction 


•Range  being  defined  as  great  circle 
between  take-off  and  landing  site 


Using  equation  (2),  and  neglecting  fourth  and 
higher  powers  of  e  and  second  and  higher  powers 
of  h/R  in  the  approximations  (e2  =  0.006723). 

The  rates  of  rotation  to  be  intro¬ 
duced  to  the  gyro  torquera  for  the  earth’s  rota¬ 
tion,  Cl  ,  are: 

(5)  uir  *  ii  *in  X 
about  the  vertical  axis, 

(6)  (uL.»  -  SI  cot  X  *|n /i  »  -  il  tin  A  tin  L1 
about  the  L'-axis,  and 

(7)  oiy,»IicosXco»/A  '  ii(eo§  AeoaX-  tin  Aco»L'»lnX‘) 

about  the  X'  -axis.  Equation  (2)  was  used  in  de¬ 
riving  equations  (6)  and  (7). 

A  separate  channel  Is  used  to  com¬ 
pute  vertical  velocity  and  altitude,  Bince  these 
are  needed  in  the  computation  of  horizontal  posi¬ 
tion.  A  vertical  accelerometer  indicates  verti¬ 
cal  acceleration  plus  gravity.  Variation  of  gra¬ 
vitational  acceleration  with  ailuuui-  must  be 
taken  into  account  in  subtracting  the  gravity 
component.  The  acceleration  of  gravity  g  varies 
with  altitude  as  follows: 

(8) 

where  w*  =  g0  /r  ,  and  g0  is  the  acceleration 
of  gravity  at  sea  level. 

In  addition,  corrections  for  centri¬ 
petal  and  Coriolis  accelerations  are  made  at 
each  accelerometer.  They  are 

(9)  C„*  2  vu.  ■  w,j  ~  Z  Vy  ■  «L, 
in  the  altitude  channel, 

(10)  Cjj*  V^,  (  L'  •  tin  X'  +  2  wr  )-h  (  L’cot  X’*  2  w^l 
in  the  L’ -channel,  and 

(11)  cx'“  *  vx’'<L'  *in  X'*2wr)-  h(X’-2 
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in  the  X’  -channel,  After  adding  these  correc¬ 
tions  to  the  accelerometer  outputs,  the  velocity 
in  each  of  the  three  position  channels  is  obtained 
by  integrating,  and  the  angular  velocity  is  the 
obtained  by  dividing  the  horizontal  velocity  by 
the  proper  radius  of  curvature  which  is  instru¬ 
mented  according  to  equations  (3)  and  (4).  In 
the  X*  -channel,  another  integration  gives  a  mea¬ 
sure  of  cross-range  angle,  and  can  be  made  to 
Indicate  cross-range  angle  to  target  by  subtrac¬ 
ting  the  cross-range  to  the  target,  In  the  L'- 
channel,  however,  the  resulting  angular  velocity 
Is  L'  cos  X'  ,  and  the  longitude  Is  obtained  by 
first  dividing  by  cos  X'  and  then  integrating. 
Another  integrator  is  needed  to  rotate  the  ac¬ 
celerometer  gimbal  on  the  platform  at  the  rate 
L'  •  cos  X'  . 

It  only  remains  to  keep  the  platform 
properly  aligned  in  azimuth.  For  this  purpose, 
the  vertical  gyro  is  torqued  at  a  rate  L1  sin  X‘ 
about  the  azimuth  axis. 

(5)  Accuracy  Considerations 

While  Flguro  71  gives  a  general  idea 
of  the  complexity  of  the  bomber  navigation  sys¬ 
tem,  it  is  still  necessary  to  determine  the  gen¬ 
eral  accuracy  requirements  for  the  main  com¬ 
ponents.  Since  they  are  directly  related  to  the 
performance  characteristics  of  the  bomber,  the 
data  that  are  most  significant  in  this  connection 
are  given  below. 

(a)  The  very  high  cruising  speed. 
This  reduces  the  effective  vertical  acceleration 
due  to  the  centrifugal  effect  in  some  areas  down 
to  about  0.25  gQ. 

(b)  Rather  short  time  of  flight  for 
the  total  mission  from  take-off  point  to  the 
landing  point. 

30  rnin.  flight  time  to  a  5,000  n. 
miles  target 

60  min.  Right  time  for  about 
9,000  n.  miles 

As  the  very  high  speed  reduces  the 
effective  vertical  acceleration  to  a  considerable 
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extent,  it  proportionally  decreases  any  errors 
resulting  from  a  horizontal  misalignment  of  the 
platform.  This  reduces  the  gyro  performance 
requirements  in  terms  of  drift  and  torque  ac¬ 
curacy  by  an  appreciable  amount. 

On  the  other  hand,  the  variable  alti¬ 
tude  in  connection  with  the  high  speed  necessi¬ 
tates  an  accurate  instrumentation  of  the  vertical 
coordinate.  This  means  that  either  a  vertical 
accelerometer  with  double  Integrator,  or  a  radio 
altimeter,  has  to  be  used  to  furnish  current  alti¬ 
tude  and  rate  of  altitude  information  all  along 
the  flight  path.  If  the  nonemanating  feature  of 
the  bomber  navigation  system  Is  considered  to 
be  important,  the  inertial  solution  probably  will 
be  preferred.  Then  the  vertical  accelerometer 
has  to  be  accurately  compensated  for  gravita¬ 
tional,  centrifugal,  and  Coriolis  accelerations. 
This  calls  for  an  elaborate  auxiliary  computa¬ 
tion  of  these  compensation  termB. 

Since  practically  all  centrifugal  and 
Coriolis  effects,  as  well  as  those  resulting  from 
the  ellipsoidal  shape  of  the  earth  and  the  varia¬ 
tion  of  g  with  altitude,  are  of  sufficient  impor¬ 
tance  to  be  computed  and  compensated  for,  the 
overall  complexity  of  the  instrumentation  be¬ 
comes  appreciable.  Moreover,  the  high  speed 
introduces  the  problem  of  accurately  turning 
the  coordinate  system  for  the  earth's  curvature. 
As  the  maximum  speed  approaches  22,000  ft/sec 
it  requires  a  rate  of  platform  rotation  in  the 
order  of  220°/hr.  The  platform  design  of  Fig¬ 
ure  70  tries  to  avoid  those  instrumentation  dif¬ 
ficulties  by  mechanically  rotating  the  acceler¬ 
ometer  portion  on  the  platform  relative  to  the 
gyro  portion,  according  to  the  output  of  the 
transverse  longitude  Integrator.  As  It  is  con¬ 
ceivable  that  under  certain  circumstances  a 
lateral  velocity  component  up  to  4,000  ft/ sec  is 
developed,  a  rather  accurate  torquing  arrange¬ 
ment  for  the  gyros  still  remains  a  necessity. 
Considering  present  gyro  torquer  designs  and  a 
maximum  permissible  torque  error  of  0.025*  / 
hr,  it  appears  that  the  accuracy  requirement  of 
one  part  In  2,000  can  be  considered  to  be  prac¬ 
tical. 

As  far  as  the  gyro  accuracy  is  con¬ 
cerned,  the  assumption  of  a  drift  torque  of  0.1°/ 
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hr  in  an  untrimmed  condition  on  the  test  stand 
appears  to  be  realistic  by  the  end  oi  the  de¬ 
velopment  time  of  this  weapon  system.  By  a 
slow  rotation  of  the  gyro  housing  about  the  gyro 
spin  axis,  or  by  reversing  its  spin  direction,  a 
considerable  improvement  appears  possible. 
Assuming  that  the  performance  of  such  a  gyro¬ 
scopic  arrangement  is  in  the  order  of0.025°/hr 
under  flight  conditions,  the  resulting  error  does 
not  exceed  1500  ft  over  a  range  of  5000  n.  miles. 
Compatible  accuracies  in  the  measurement  of 
acceleration  in  the  order  of  3  x  10'^  g  are  re¬ 
quired.  Moreover,  all  the  aforementioned  cor¬ 
rection  terms  have  to  be  introduced  to  the  ac¬ 
celerometers  with  corresponding  accuracies. 
Integration  by  the  velocity  and  range  integrators 
has  to  be  performed  with  errors  not  exceeding 
about  2  x  10~5  if  the  over-alf  error  is  to  remain 
below  1/2  n.  mile. 

Last  but  not  least,  consideration 
has  to  be  given  to  the  gravitational  anomalies, 
as  well  as  the  deviation  of  the  geold  in  com¬ 
parison  to  the  assumed  ellipsoid  of  the  earth, 
sinrn  tho  ^r?.vit?.t!ona!  rudin!  nnonuilics 
(Bouguer  Anomaly)  in  the  United  States  approach 
0.2  cm/sec2,  and  deflections  up  to  30  in.  have 
been  observed,  these  anomalies  have  to  be  con¬ 
sidered  for  the  proper  leveling  of  the  platform. 
Because  of  the  height  of  the  cruising  part  o(  the 
trajectory  it  can  be  expected  that  at  least  all 


local  anomalies  during  the  flight  of  the  bomber 
practically  disappear. 

(0)  Possible  Instrumentation 

In  order  to  meet  these  requirements 
it  appears  necessary  to  select  an  instrumentation 
which  works  at  least  partially  on  a  digital  basis. 
Following  is  a  description  of  an  instrumentation 
which  meets  the  above-mentioned  accuracy  re¬ 
quirements  and  will  be  available  in  the  near 
future. 

It  consists  of  an  accelerometer  with 
digital  output  and  adigltal  computer  for  two  inte¬ 
grators.  The  accelerometer  is  an  electrically 
constrained  pendulum  working  on  the  basis  of  a 
d-c  torquer.  It  is  spring  suspended  and  the 
temperature  is  closely  controlled.  The  current 
for  constralnment  consists  of  pulBes  which  are 
accurately  defined  by  the  electrical  circuit  under 
consideration  (Figure  72).  They  are  derived 
from  the  discharge  of  a  capacitor  connected  to 
a  highly  stabilized  voltage  source.  The  charge 
and  discharge  operation  is  controlled  by  a  relay, 
which  in  lurn  is  operated  by  the  pick-off  of  the 
accelerometer.  The  use  of  this  intermittent 
capacitor  feedback  for  the  accelerometer  con- 
fltrafnmcnt  transforms  the  acceleration  infor¬ 
mation  directly  into  digital  numbers.*  This 
permits  a  simple  electronic  counter  to  compute 


Figure  72.  Schematic  Diagram  of  Digital  Accelerometer  Including  Electrical  Circuit 
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the  velocity  very  accurately.  Transformation 
of  this  digital  Information  into  shaft  position 
permits  instrumenting  the  various  auxiliary 
terms  like  Coriolis  accelerations  and  gyro  tor¬ 
ques  on  an  analogue  basis  with  sifficlent  ac¬ 
curacy.  Compensation  of  the  accelerometer  for 
Coriolis  and  centrifugal  terms  is  performed  by 
the  use  of  a  second  winding  on  the  torquer  coil 
(not  shown  in  Figure  72).  The  use  of  a  digital 
Integrator  furnishes  accurate  Instantaneous  po¬ 
sition  information. 

As  the  computer  portions  of  highest 
accuracy  are  Instrumented  on  a  digital  basis, 
and  all  auxiliary  terms  by  analogue  computers, 
it  seems  poBBlble  to  achieve  the  extreme  ac¬ 
curacies  which  are  required  lor  such  a  navi¬ 
gation  system  with  a  total  error  not  exceeding 
about  1/2  n.  mile. 

c.  Bomber  Guidance  System 

Since  the  high  speed  of  MX -2278  makes 
it  difficult  if  not  Impossible  for  the  pilot  to  con¬ 
trol  the  bomber  along  a  prescribed  path  to  some 
Hneelfir  nni_n!  on  the  earth,  a  guidance  system 
for  the  bomber  Is  proposed.  For  this  purpose 
the  output  of  the  navigation  system  is  modified 
by  subtracting  the  coordinates  L'xand  X'y  of  the 
desired  point  to  destination  (see  Figure  71).  This 
means  that  the  position  information  develops  re¬ 
lative  to  this  point  in  terms  of  transverse  longi¬ 
tude  and  latitude  to  go.  The  guidance  computer 
then  resolves  these  two  "range  to  go"  Informa¬ 
tions,  both  along  the  line  of  sight  to  the  destina¬ 
tion  point  and  normal  to  it,  by  means  of  a  re¬ 
solver.  Comparison  of  this  resolver  angle  with 
the  attitude  angle  of  the  bomber  permits  the  de¬ 
rivation  of  a  guidance  signal  which  keeps  the 
bomber  on  the  Instantaneous  line  of  sight  to  the 
desired  point  of  destination.  A  visual  display 
of  the  guided  bomber  on  a  transparent  map  will 
help  the  pilot  to  coordinate  his  actions  and  will 
Indicate  approximately  his  instantaneous  posi¬ 
tion. 


♦Experimental  work  carried  out  at  BAC  Indi¬ 
cates  that  the  required  accuracy  can  be  achieved 
without  great  difficulties. 


d.  Missile  Guidance  System 

It  Is  also  necessary  to  select  a  system 
for  guiding  the  missile  to  the  target  after  it  is 
released  from  the  bomber.  The  present  plan 
consists  of  a  basic  inertial  system  which  can 
be  corrected  from  the  bomber  by  means  of  a 
radio  link.  The  bomber  operator  can  obtain  ac¬ 
curate  information  on  the  target  location,  either 
by  radar  or  optical  means,  as  the  bomber  ap¬ 
proaches  the  target.  These  data  can  be  used  to 
compute  error  signals  for  transmission  to  the 
missile.  This  correction  feature  1b  of  extreme 
value  considering  the  accuracy  and  lack  of  map 
data  on  target  locations. 

(1)  Choice  of  Coordinate  System 

The  choice  of  coordinates  for  this 
system  is  very  much  dictated  by  the  bomber 
navigation  Instrumentation  which  delivers  ve¬ 
locity  and  position  information  in  a  transverse 
polar  coordinate  system.  As  these  velocity  and 
position  data  have  to  be  transferred  to  the  mis¬ 
sile  guidance  system,  where  they  Berve  as  initial 
coiiult  Ions,  t'neuver-aii  Instrumentation  has  to  be 
optimized  with  respect  to  complexity,  weight,  and 
size.  Among  the  various  geometrical  possibili¬ 
ties  for  setting  up  the  missile  guidance  system, 
the  use  of  a  "line  of  sight"  geometry  appears  to 
require  a  minimum  of  missile  equipment.  In 
this  case,  the  stabilized  platform  Is  oriented  in 
azimuth  bo  that  the  measuring  direction  of  one 
accelerometer  points  towards  the  target  while 
that  of  the  second  accelerometer  Is  normal  to 
It,  In  a  horizontal  plane.  The  third  acceler¬ 
ometer  measures  in  the  instantaneous  vertical, 
and  is  required  to  furnish  computer  Information 
for  calculating  the  Coriolis  terms  In  the  two 
horizontal  axes. 

This  geometry  requires  informa¬ 
tion  about  the  distance  towards  the  target  and 
the  azimuth  angle  of  the  line  of  sight  to  be  set 
into  the  guidance  system.  Since  the  flight  path 
of  the  missile  extends  up  to  200  n.  miles,  the 
computation  of  the  distance  to  go  has  to  consider 
at  least  the  spherical  shape  of  the  earth,  pos¬ 
sibly  even  the  ellipsoidal  deviations.  This  makes 
such  a  computation  rather  involved  and  so  re¬ 
quires  extensive  computers.  Moreover,  It  is 
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desirable  that  a  means  exist  for  more  accurately 
determining  the  target  location  during  missile 
flight  and  correcting  the  missile  system  by 
means  of  a  radio  link.  This  means  basically  a 
change  in  the  location  of  the  desired  detonation 
point.  A  detailed  Instrumentation  study  reveals 
that  it  cannot  be  done  if  the  advantages  of  sim¬ 
plicity  in  connection  with  a  line  of  sight  geo¬ 
metry  are  to  be  preserved.  The  same  is  true 
for  the  computation  of  the  heading  angle,  which 
has  to  be  introduced  with  high  precision. 

Another  possibility  is  to  use  the 
basic  velocity  and  position  information  in  the 
same  coordinates  as  it  develops  in  the  bomber 
navigation  system.  This  dispenses  with  any 
coordinate  transformation,  but  requires  a  some¬ 
what  more  complex  missile  instrumentation. 
The  lack  of  any  change  in  the  coordinate  sys¬ 
tems  between  bomber  and  missile  appears  to 
result  in  a  higher  over-all  accuracy  without 
increasing  the  complexity  of  the  total  arrange¬ 
ment.  In  this  case,  any  change  in  target  loca¬ 
tion  during  the  missile  flight  can  be  accomplished 
very  easily  by  varying  the  target  coordinates. 
It  does  not  require  any  additional  Instrumentation 
In  the  bomber  or  the  missile. 

For  these  reasons  it  appears  that 
a  geometry  of  the  missile  guidance  system  in 
the  coordinates  of  the  transverse  polar  system 
is  desirable. 

(2)  Transfer  of  Initial  Conditions 

In  order  to  allow  the  missile 
guidance  system  to  perform  its  proper  compu¬ 
tations  it  la  necessary  to  introduce  the  instan¬ 
taneously  correct  Initial  conditions  from  the 
navigation  system,  They  consist  of  a  proper 
alignment  of  the  stabilized  platform  in  the  mis¬ 
sile,  so  that  the  missile  system  accelerometers 
read  the  same  accelerations  as  those  on  the 
bomber  platform.  Moreover,  the  velocity,  as 
well  as  position  outputs  of  the  missile  system, 
has  to  be  adjusted  to  whatever  the  readings  in 
the  navigation  system  are. 

This  can  be  performed  by  an  angu¬ 
lar  platform  alignment  about  the  vertical  and  a 
comparison  of  the  position  outputs  of  both  sys¬ 


tems.  Deriving  error  signals  from  such  a  com¬ 
parison  In  all  three  coordinates,  and  applying 
those  signals  as  corrections  to  the  missile  sys¬ 
tem,  results  In  a  complete  platform  alignment 
and  the  correct  setting  of  the  instantaneous 
velocity  and  position  information.  The  corres¬ 
ponding  block  diagram  is  shown  in  Figure  73. 
It  indicates  the  error  signals  to  be  fed  back  to 
the  gyro  torques,  accelerometers,  and  velocity 
stages  in  the  two  horizontal  axes.  In  the  vertical 
the  error  signal  from  the  position  comparison  is 
fed  only  to  the  accelerometer  and  the  velocity 
stage.  Moreover,  an  error  signal  is  derived 
from  the  h'  -gyro  misalignment  in  both  systems. 
This  is  used  to  torque  the  h'  -gyro  in  the  mis¬ 
sile  system  so  that  its  horizontal  coordinates 
coincide  with  those  of  the  bomber  system. 
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Figure  73.  Diagrams  of  Missile  Guidance 
Systems  Alignment  Instrumentation 
(Simplified  for  Clarity) 
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In  order  to  compensate  for  the  con¬ 
sistent  portion  of  the  missile  system  gyro  drift, 

K3 

the  transfer  function  K„  +— —  is  inserted  in 

C  b 

front  of  the  gyro  torquers.  This  transfer  func¬ 
tion,  producing  an  integral  of  the  error  function, 
maintains  a  torque  signal  at  the  gyros  after  the 
transient  response  of  the  alignment  loop  has 
died  out.  This  means  that  the  consistent  drift 
torque  of  each  Individual  gyro  remains  com¬ 
pensated,  even  after  the  position  error  signal 
has  disappeared.  The  two  horizontal  loops  of 
the  alignment  system  are  of  the  fourth  order  and 
have  to  be  optimized  with  respect  to  the  various 
parameters  Involved.  This  means  that  the  noise 
spectra  of  all  the  components  as  well  as  the 
available  time  for  the  alignment,  have  to  be  con¬ 
sidered  in  the  process  of  determining  the  natu¬ 
ral  frequency  of  the  system.  Since  the  speed  of 
the  bomber  Is  so  high,  and  the  range  of  the  mis¬ 
sile  position  computer  is  limited  by  accuracy, 
the  permissible  time  for  the  alignment  procedure 
is  rather  Bhort.  It  is  estimated  to  bo  less  than 
one  minute.  This  requires  a  rather  low  noise 
level  from  the  various  components  of  the  loops 
in  order  to  assure  sufficiently  accur  ate  initial 
settings,  and  therefore  means  an  instrumentation 
of  a  rather  high  quality. 

(3)  Accuracy  Requirements 

The  particular  requirements  re¬ 
sulting  from  the  alignment  of  the  stabilized  plat¬ 
form  in  the  missile  determine  to  a  considerable 
extent  the  accuracy  requirements  associated 
with  the  various  components.  In  addition,  the 
post-launch  operation  of  the  missile  system  de¬ 
mands  some  further  performance  values  be  met. 
From  preliminary  investigations  it  can  be  de¬ 
duced  that  the  random  portion  of  the  gyro  drift 
should  not  exceed  about  0.1  °/hr,  accelerometer 
errors  should  stay  In  the  order  of  5  x  10*4 
and  the  integrator  accuracy  should  amount  to  at 
least  1  part  in  5,000.  The  over-all  error  of  such 
an  instrumentation  over  a  200  n.  mile  range, 
including  any  effects  of  these  errors  on  the  align¬ 
ment  performance,  is  estimated  to  be  in  the 
order  of  1500  ft  CEP.  These  requirements  call 
for  very  precise  instrumentation  in  the  missile. 


(4)  Position  Computer  Instrumentation 

The  inertial  Instrumentation  In  the 
missile  can  operate  on  a  somewhat  similar  basis 
as  the  instrumentation  of  the  navigation  system. 
This  means  that  accelerometers  with  digitalized 
output b  and  step  motors  for  the  first  Integration 
are  used.  This  seems  advantageous  from  the 
standpoint  of  simplicity  and  the  high  accuracy 
which  is  required  in  the  velocity  stages.  Since 
the  range  to  be  covered  is  rather  small  (200  n. 
miles),  conventional  analogue  Integrators  pro¬ 
bably  will  be  suitable  for  computing  the  second 
integrals.  Such  a  combination  of  analogue  and 
digital  equipment  appears  to  offer  many  advan¬ 
tages  in  the  course  of  building  a  position  com¬ 
puter.  The  block  diagram  of  this  position  com¬ 
puter  and  the  gyroscopic  reference  Bystem  re¬ 
presented  by  tho  stabilized  platform  is  very 
similar  to  that  of  the  bomber  navigation  system. 
It  Bhows  the  same  basic  elements  as  have  al¬ 
ready  been  discussed.  Nevertheless,  various 
Bimpllf  ications  in  the  computation  of  all  auxiliary 
terms  for  earth  rotation  and  earth  curvature 
can  be  Introduced  because  of  the  lower  accuracy 
requirements  for  this  oyaiein.  This  will  reduce 
the  complexity  of  this  system  considerably  in 
comparison  with  the  one  in  the  bomber. 

The  output  of  the  missile  system 
position  computer  delivers  position  and  velocity 
In  the  coordinates  of  the  transverse  polar  sys¬ 
tem  mentioned  above.  It  should  be  noted  that 
this  position  Information  is  relative  to  the  loca¬ 
tion  of  the  target.  This  means  that  the  outputs 
of  the  three  position  integrators  give  the  Instan¬ 
taneous  missile  position  in  terms  of  transverse 
longitude,  latitude,  and  altitude  Increments  from 
the  location  of  the  desired  detonation  point  of  the 
warhead. 

For  this  purpose,  the  location  of 
the  detonation  point  is  fed  into  the  position  com¬ 
puter  in  all  three  coordinates  (see  Figure  73). 
The  necessity  for  detonating  the  warhead  within 
a  well-determined  altitude  range  over  the  target, 
again  requires  an  accurately  Instrumented  verti¬ 
cal  coordinate  of  the  missile  guidance  system. 
Since  the  time  of  flight  of  the  missile  is  rather 
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short,  it  seems  possible  to  obtain  precise  enough 
altitude  information  from  the  inertial  instrumen¬ 
tation  in  the  missile. 

(5)  Flight  Path  Computer 

The  "range  to  go"  information  in 
terms  of  transverse  longitude,  latitude,  and  alti¬ 
tude  increments  in  Itself  is  not  sufficient  to  direct 
the  missile  to  the  desired  detonation  point.  It 
requires  a  flight  path  computer  which  derives 
from  this  information  the  necessary  signals  for 
the  proper  yaw  and  pitch  control. 

This  computer  is  based  on  a  resolu¬ 
tion  of  the  transverse  longitude  and  latitude  in¬ 
crements  along  the  missile  attitude  and  normal 


to  it  (Figure  74).  This  resolution  is  performed 
by  a  resolver  on  the  vertical  axis  of  the  missile 
platform.  The  output  of  this  resolver  delivers 
practically  the  "range  to  go"  along  a  line  of 
sight  course  and  a  signal  proportional  to  the 
angle  between  the  line  of  sight  and  the  missile 
attitude  axis. 

The  division  of  both  results  in  a 
signal  which  is  suitable  for  the  lateral  guidance 
in  a  horizontal  plane  along  a  line  of  sight  to  the 
target. 

A  similar  arrangement  1b  used  In 
the  vertical  plane  where  the  horizontal  range  to 
go  and  the  altitude  increment  are  resolved  by  a 
resolver  in  the  pitch  axis  of  the  platform.  Here 
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too,  a  command  is  derived  which  is  proportional 
to  the  angular  deviation  between  the  missile 
attitude  and  the  line  of  sight  (in  the  vertical 
plane)  towards  the  detonation  point  (see  Fig¬ 
ure  74).  Accuracy  requirements  for  this  flight 
path  computer  are  low  because  it  represents 
basically  only  a  nulling  device. 

(6)  In  Flight  Target  Correction 

The  ability  of  the  pilot  to  make  posi¬ 
tion  fixes  by  optical  or  search  radar  makes  pos¬ 
sible  final  corrections  for  target  location  as  the 
bomber  flies  over  the  target  complex,  and  the 
missile  is  on  its  way.  The  position  of  the  target 
area  has  to  be  measured  within  some  reference 
system.  Two  methods  of  making  this  measure¬ 
ment  are  under  consideration.  In  the  first 
method  a  position  correction  may  be  applied  to 
the  reference  system  supplied  by  the  inertial 
instrumentation  by  the  observation  of  a  land¬ 
mark  in  the  target  vicinity,  the  geographic  co¬ 
ordinates  of  which  are  well  known.  In  the  second 
method,  where  the  exact  coordinates  of  the  tar¬ 
get  or  checkpoint  are  not  known  exactly,  the 
location  of  the  target  can  be  determined  rolativc 
to  the  frame  of  reference  supplied  by  the  inertial 
instrumentation, 

In  the  first  method  it  is  possible  to 
correct  the  output  of  the  inertial  system  ac¬ 
cording  to  the  observed  location  of  the  land¬ 
mark,  thus  providing  an  over -all  improvement 
In  the  navigational  information  of  the  remainder 
of  the  flight  path.  The  second  method  does  not 
permit  correction  of  the  system  output,  but 
allows  position  correction  for  the  missile  flight. 

A  comparison  of  the  complexity  of 
the  instrumentations,  the  attainable  accuracy  of 
the  Inertial  system,  and  the  availability  of  suit¬ 
able  checkpoints  will  determine  the  optimum 
solution  to  this  particular  problem. 

In  any  case,  a  corrective  signal 
will  be  computed  on  board  the  bomber  and  trans¬ 
mitted  via  a  radio  link  to  the  missile  already  in 
flight  towards  the  target.  This  signal  initiates 
a  change  in  the  longitude  and  latitude  increments 
of  the  missile  position  computer  which  instantly 
causes  the  flight  path  computer  to  compute  dif¬ 
ferent  heading  and  "range  to  go"  signals. 


3.  RADAR  SYSTEMS 


The  problems  of  radiation  propogation  are 
summarized  in  Figure  75.  These  problems  will 
be  treated  in  the  following  sections. 

a.  The  Beam -Bending  Problem 

Any  radar  system  for  the  MX-2276 
will  suffer  from  a  phenomenon  called  beam 
bending  which  is  peculiar  to  the  hypersonic  flight 
realm.  The  difficulty  lies  in  the  effects  which 
ionization  and  the  change  in  gas  density  have  on 
the  propagation  of  radar  waves.  In  effect,  the 
air  in  the  vicinity  of  the  bomber  forms  a  weak 
but  nevertheless  significant  prism  which  will 
change  the  apparent  direction  of  arrival  of  radar 
waves  and  hence  could  create  errors  In  the  radar 
map.  In  addition,  unless  this  prism  remains 
constant  over  a  few  pulses  (and  because  of  tur¬ 
bulence  it  cannot  be  completely  steady)  a  blurring 
of  the  radar  picture  will  result,  much  as  heat 
waveB  blur  and  distort  optical  images  In  a  desert. 

The  present  study  of  this  problem  has 
been  In  two  directions:  the  amount  ol  beam 
bonding  to  be  expected  from  various  assumed 
Bhapes  and  densities  of  the  gas  prism,  and  the 
effect  of  ionization  of  the  gas  within  the  prism, 
l.o. ,  to  determine  how  much  ionization  can  be 
tolerated. 

In  the  course  of  this  study,  the  results 
of  similar  studies  (Reference  105)  became  avail¬ 
able  from  which,  by  extrapolation,  It  could  be 
shown  that  the  effect  of  density  variations  on 
the  direction  of  a  radar  beam  of  the  proposed 
type  Bhould  be  completely  negligible,  but  ioniza¬ 
tion  would  begin  to  be  a  problem  at  the  point 
where  the  effective  dielectric  constant,  «  ,  dif¬ 
fers  from  that  of  free  space  by  about  1%. 
Calculations  were  then  made  of  the  number  of 
free  electrons  per  cubic  centimeter  which  will 
result  in  a  1%  decrease  in  e  ■  A  preliminary 
calculation  assuming  aerodynamic  tempera¬ 
tures,  density,  etc.,  resulted  in  an  estimate  that 
the  number  of  free  electrons  in  the  vicinity  of 
tiie  leading  edge  will  be  close  (within  an  order 
of  magnitude)  to  this  1%  limit  for  X- band  radia¬ 
tion.  The  extent  of  which  this  effect,  generated 
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Figure  75.  Radiation  Proportion  Problems 


at  the  leading  edge,  will  be  reduced  as  a  func¬ 
tion  of  distance  back  from  the  leading  edge,  is 
difficult  to  determine  from  available  informa¬ 
tion.  The  electron  density  at  any  point  will  not 
be  far  different  from  the  "equilibrium"  of  ther¬ 
mal  ionization  corresponding  to  the  local  tem¬ 
perature  at  that  point  because  of  the  fact  that 
each  electron  will  undergo  at  least  10®  colli¬ 
sions  during  the  time  it  takes  the  bomber  to 
move  1  foot.  Thermal  equilibrium  should  exist 
after  some  103  to  104  collisions  even  between 
an  electron  and  air  molecules,  so  one  may  as¬ 
sume  that  thermal  ionization  equilibrium  exists 
within  approximately  one  foot  of  the  leading  edge. 
Hence,  bending  by  ionization  should  not  signifi¬ 
cantly  affect  a  radar  antenna  located  a  few  feet 
back  from  the  leading  edge  in  the  lower  surface 
of  the  bomber. 

A  word  of  explanation  is  in  order  here 


because  it  has  been  calculated  (Reference  106) 
that  the  ionization  produced  by  a  long-range  bal¬ 
listic  trajectory  missile  can  seriously  increase 
its  radar  cross-section.  There  are  two  reasons 
why  a  radar  set  in  MX-2276  should  not  encounter 
difficulty:  (1)  The  MX-2276  bomber  dynamic 
pressures  during  cruise  are  much  less  than  those 
encountered  by  a  ballistic  vehicle  during  re¬ 
entry;  hence,  peak  temperatures  are  lower  and 
loss  of  electrons  is  much  more  rapid.  Conse¬ 
quently,  the  density  of  electrons  does  not  have 
a  chance  to  build  up  to  the  critical  level  where 
it  affects  the  radar.  (2)  The  critical  electron 
density  for  radar  reflections  depends  on  the 
square  of  the  radar  frequency;  radar  frequencies 
considered  for  MX-2276  are  100  times  as  great 
as  those  considered  for  detecting  the  vehicle  of 
Reference  106.  Consequently,  the  minimum  sig¬ 
nificant  electron  density  is  104  times  as  great. 
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b.  The  Angular  Resolution  Problem 
(1)  General 

The  primary  problem  of  the  radar 
in  MX-2276  is  resolution.  For  reconnaissance  or 
navigation  the  resolution  of  present-day  radars 
is  barely  adequate  at  altitudes  of  approximately 
10,000  ft.  A  survey  of  mapping  and  charting 
radar  specifications  led  to  the  belief  that  a  spot 
size  of  200  ft  diameter  with  5  half-tone  steps  is 
marginally  adequate  for  recognition  of  city 
shapes,  some  major  street  patterns,  and  loca¬ 
tions  of  industrial  development.  While  more 
resolution  would  doubtless  be  of  great  value,  it 
would  also  require  much  more  bandwidth,  power, 
and  development  time.  The  achievement  of  the 
stated  performance  will  give  MX-2276  radar 
resolution  comparable  with  that  obtained  by  op¬ 
tical-television  methods  proposed  for  recon¬ 
naissance  satellites  (Reference  107). 


length)  were  possible,  the  maximum  wavelength 
which  would  achieve  this  resolution  would  be  2 
centimeters,  and  bending  of  the  antenna  would 
have  to  be  kept  below  2.5  millimeter  (0.1  inch) 
in  at  least  one  direction.  This  Indicates  that 
mechanically  scanning  antennas  having  the  de¬ 
sired  angular  resolution  would  be  virtually  Im¬ 
possible.  The  following  discussion  1b  therefore 
limited  to  generalized  side-looking  radars, 
having  fixed  arrays  for  antennas,  with  scanning 
provided  by  the  forward  motion  of  the  bomber. 
Figure  76  shows  the  sort  of  ground  coverage 
which  can  be  achieved  by  these  radars.  In  a 
later  paragraph,  techniques  will  be  discussed 
by  which  some  of  the  rigid  requirements  for 
the  antenna  may  be  alleviated. 


c.  Range  Resolution 
(1)  Pulse -type  Radar 


The  desired  ground  spot  size  of 
200  ft  at  the  maximum  slant  range  of  400,000 
feet  will  subtend  an  angle  of  1/2  milliradtan.  If 
an  aperture  60  ft  long  (80%of  the  over -all  bomber 


Either  pulse-type  or  continuous- 
wave  (CW)  radar  can  be  used  to  provide  resolu¬ 
tion  in  range  for  a  side-looking  radar.  The  use 
nf  pulse-type  radar  In  the  MX-2276  bomber  1» 


Rang*  Resolution:  10  Milet  From  Nadir  200  Foot 

50  Milo  From  Nodir  IOO  Foot 

Altitude  :  250,000  Ftet«  41  Nautical  Milo 

Figure  76.  Ground  Resolution  Pattern  for  Proposed  Radars 
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desirable  to  provide  range  resolution,  because 
CW  systems  are  Inherently  somewhat  inferior 
In  this  respect.  In  order  to  get  the  required 
radar  range  with  pulse  techniques,  however,  it 
Is  essential  to  use  high  peak  power  pulses.  With 
such  high  peak  powers,  the  problem  of  electrical 
breakdown  of  the  air  arises,  since  the  atmos¬ 
phere  around  the  bomber  has  about  the  same 
density  that  exists  in  a  Neon  lamp.  Considerable 
time  and  effort  has  been  directed  toward  the 
theoretical  study  of  this  problem,  with  the  re¬ 
sults  related  in  detail  below. 

(2)  The  Breakdown  Problem 

The  breakdown  problem  falls  into 
two  parts:  inside  the  shock  wave  and  outside  it. 
The  problem  outside  the  shockwave  (which shall 
be  called  the  free-stream  case)  can  be  ap¬ 
proached  by  laboratory  tests  of  microwave 
breakdown  at  reduced  air  pressures.  The  pro¬ 
blem  Inside  the  shock  wave  (termed  the  shock 
wave  and  boundary  layer  case)  is  complicated 
by  lack  of  knowledge  of  the  aerodynamic  condl- 
lions  such  ns  the  tompcrnlure  nnd  velocity  pro- 
files,  the  composition  of  the  gas,  and  the  extent 
of  dissociation  and  ionization  due  to  tempera¬ 
ture. 


The  free-stream  case  has  been 
studied  analytically  using  the  microwave  break¬ 
down  experimental  data  and  theories  of  Herlln 
and  Brown  (Reference  108).  The  following  con¬ 
clusions  have  been  reached: 

(a)  The  ionization  of  the  gas  will 
come  to  equilibrium  In  the  very  small  fraction  of 
a  microsecond,  so  that  only  equilibrium  states 
need  to  be  examined.  This  means  that  no  ap¬ 
preciable  Increase  In  peak  power  is  made  pos¬ 
sible  by  using  shorter  pulses  until  the  pulse 
width  Is  shortened  to  considerably  less  than  one  - 
tenth  of  a  microsecond. 

(b)  At  any  frequency  of  interest,  the 
bomber  will  pass  through  a  region  of  critical 
altitude  where  the  power  required  to  cause 
breakdown  of  the  free-stream  air  is  a  minimum. 
Therefore  only  the  minima  need  be  considered 
for  design  purposes. 


(c)  This  minimum  power  is  in¬ 
versely  proportional  to  wavelength  (in  the 
region  of  experimental  data)  and  is  at  least 
100  watts  per  square  cm  at  4  kilomegacycles 
for  beams  of  the  size  and  shape  considered  for 
this  bomber.  Since  the  smallest  proposed 
bomber  antenna  aperture  is  about  20,000  sq  cm 
and  the  lowest  proposed  frequency  is  10  kilo- 
megacycles,  a  peak  power  of  4  megawatts  would 
be  the  minimum  which  should  cause  breakdown. 
It  is  concluded  that  the  free-stream  break¬ 
down  problem  can  be  overcome  by  careful  at¬ 
tention  to  antenna  and  radume  design. 

The  shock  wave  and  boundary  layer 
case  has  not  been  susceptible  to  such  simple 
analysis.  However,  this  case  Is  not  considered 
to  be  a  limitation  In  the  breakdown  problem 
because: 


(a)  The  pressure  and  mean  free 
path  are  such  that  the  minimum  of  the  break¬ 
down  curve  1b  not  approached. 

(h)  The  shock  and  boundary  layers 

are  relatively  thin,  so  that  electrons  can  diffuse 
out  into  the  free-space  region.  Therefore  the 
minimum  power  required  to  cause  breakdown 
should  be  greater  than  in  the  free-stream  case. 

(c)  The  average  thermal  energies 
of  molecules  and  electrons  in  the  boundary 
layer  and  behind  the  shock  wave,  while  much 
greater  than  the  energies  of  free-stream  mole¬ 
cules,  are  still  not  a  significant  fraction  of  the 
energy  required  for  ionization.  That  is,  a  much 
larger  number  of  free  electrons  will  be  found  ir. 
the  gas  behind  the  shock  wave  and  in  the 
boundary  layer  as  discussed  under  "Beam  Bend¬ 
ing”  above,  but  the  average  energy  which  must 
be  supplied  to  a  single  electron  to  enable  it  to 
knock  another  electron  out  of  a  neutral  atom  or 
molecule  Is  still  almost  the  same  as  In  the  room- 
temperature  case. 

It  must  be  emphasized  in  con¬ 
cluding  this  discussion  of  the  breakdown  prob¬ 
lem  that  (a)  these  are  theoretical  results,  most 
of  which  cannot  be  confirmed  by  experiment  ex¬ 
cept  under  actual  flight  conditions,  and  (b)  the 


Report  No.  D143-945-011 


SECRET 


109 


SECRET 


BEL  \(>/4Zr0rafi 


CORPORATION 


electrical  breakdown  of  air  Is  greatly  influenced 
by  small  amounts  of  impurities  and  changes  in 
the  composition  of  the  air.  Until  experimental 
confirmation  is  available,  it  is  felt  that  the  use 
of  pulsed  radar  may  be  permitted  for  the  MX- 
2276,  if  care  is  exercised  to  keep  the  peak 
power  within  limits. 

(3)  CW  Possibilities 

The  use  of  CW  radar  was  suggested 
as  a  means  of  circumventing  the  breakdown  pro¬ 
blem  discussed  above.  Although  most  of  the 
doubts  about  breakdown  have  been  allayed,  some 
CW  schemes  were  worked  out  to  the  point  where 
it  became  apparent  that  system  complexity  would 
be  great  and/or  antenna  systems  heavy  and  very 
large.  The  difficulty  which  arises  Is  the  result 
of  the  required  resolution.  If  range  resolution 
by  pulse  timing  1b  not  to  be  used,  some  other 
characteristic  such  as  frequency  resolution  must 
be  combined  with  antenna  beamwidth  in  order  to 
resolve  the  desired  spot  size.  Fine  frequency 
resolution  usually  turns  out  to  require  banks  of 
carefully  matched  filters,  while  fine  antenna 
beams  usually  require  large,  heavy,  and  com¬ 
plex  antennas. 

However,  the  problem  of  resolution 
in  a  pulsed-type  radar  is  not  easily  solved  either. 
Some  combination  of  the  features  of  pulsed  and 
CW  radar  Bystems  is  possible  which  will  per¬ 
mit  the  use  of  some  techniques  of  CW  systems 
to  reduce  the  size  and/or  weight  required  for 
either  system  alone. 

d.  Means  of  Resolution  Improvement 

It  has  been  stated  before  that  the  re¬ 
quired  angular  resolution  can  be  achieved  by  a 
60-foot  long  linear  array  operating  at  2  centi¬ 
meters  and  restricting  the  bending  of  the  array 
to  0.1  Inch.  It  is  possible  that  a  self -compensa¬ 
ting  array  could  be  built  which  would  automati¬ 
cally  correct  for  bends  by  insertion  of  appro¬ 
priate  phase  shifters.  The  mechanical  com¬ 
plexity  of  such  a  system  would  be  very  great. 

The  use  of  simultaneous  lobing  techni¬ 
ques  has  been  frequently  suggested  as  a  means 
of  providing  Improved  resolution.  Assuming 


that  the  multiple-return  problem  can  be  neg¬ 
lected  and  that  a  spot  deflection  scheme  is  used 
Instead  of  blanking,  It  appears  that  a  resolu¬ 
tion  improvement  of  2  or  3  times  can  be 
achieved  with  amplitude  or  phase-comparison 
techniques.  Taking  the  more  optimistic  figure, 
It  is  necessary  to  make  the  choice  of  increasing 
the  wavelength  to  6  centimeters  (C- band), shor¬ 
tening  the  array  to  20  ft,  or  some  Intermediate 
compromise  such  as  3  centimeters  and  30-ft 
arrays.  Two  arrays  are  now  required  for  each 
side,  or  a  total  of  4  arrays.  Since  the  bending 
tolerance  varies  Inversely  as  the  wavelength, 
but  mechanical  problems  increase  at  least  as 
the  square  of  the  length,  the  shortest  length  and 
wavelength  should  be  chosen,  even  at  the  expense 
of  some  Increase  In  atmospheric  attenuation  and 
cloud  return. 

An  Interesting  alternative  has  recently 
appeared  which  theoretically  will  permit  an  in¬ 
crease  in  wavelength  to  a  value  less  affected  by 
atmospherics,  while  retaining  the  resolution  and 
reducing  the  antenna  requirements.  The  basic 
system  1b  developed  from  the  Redap  system  of 
Phllco  Corporation  (Reference  109)  with  some 
simpie  modifications  to  adapt  It  to  the  MX-2276 
problem. 


With  the  Redap  system  one  can  use  an 
antenna  only  15  ft  long  and  a  wavelength  of  3 
centimeters,  while  still  achieving  a  resolution 
of  1/2  milllradian  at  maximum  range,  Thus  the 
Redap  beam  sharpening  yields  a  resolution  at 
least  10  times  as  good  as  a  conventional  radar 
in  this  application.  The  penalty  associated  with 
this  improvement  lies  in  circuit  complexity,  to 
a  certain  extent  In  power,  and  most  Importantly 
in  antenna  stabilization.  The  Redap  antenna 
must  be  stabilized  to  the  bomber  flight  direction 
with  a  tolerance  of  about  0.2  degree.  The  total 
movement  of  the  antenna,  to  take  care  of  varia¬ 
tions  in  angle  of  attack  and  crab  angle  due  to 
winds,  is  ±1  degree  in  pitch,  and  ±2  degrees  ir. 
yaw.  No  roll  compensation  is  required.  In  re¬ 
turn  for  this  moderate  degree  of  stabilization, 
a  radar  map  is  obtained  which  is  not  distorted 
or  even  displaced  by  lateral  maneuvers  of  the 
bomber.  Relatively  simple  display  mechanisms 
can  be  used.  A  brief  description  of  Redap  fol¬ 
lows. 
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The  basic  idea  of  Redap  is  to  use  the 
increase  in  information  available  from  a  co¬ 
herent  radar,  and  the  motion  of  the  bomber,  to 
create  a  virtual  aperture  much  larger  than  the 
actual  antenna  aperture.  Thus  some  Increase 
in  electrical  complexity  can  be  traded  for  a  large 
decrease  In  mechanical  difficulty.  In  essence, 
a  Redap  is  a  sort  of  zero -frequency  Doppler 
radar,  which  derives  its  beamwidth  from  the 
fact  that  only  those  targets  which  are  at  almost 
exactly  right  angles  to  the  bomber's  flight  path 
will  have  near-zero  doppler  shifts. 

The  wavelength  used  by  a  Redap-type 
radar  on  MX-2270  can  be  increased  to  the  point 
where  the  near-field  effect  extends  to  the  maxi¬ 
mum  range  of  interest.  For  200-foot  resolu¬ 
tion  at  400,000  ft  slant  range,  a  200-foot  effec¬ 
tive  aperture  can  be  used  and  the  wavelength  is 

Xn,n«*  5^~~  O’1  3  05  cm  (9600  mefloeyelM) 

"min  4*10® 

where  A  is  the  aperture  in  feet  and  Rmln  *s  the 
minimum  range  to  the  far  field.  The  effective 
aperture  of  200  feet  is  obtained  by  adding  re¬ 
turns  from  many  successive  pulses  of  the  radar. 
The  returns  are  stored  and  added  coherently  in 
a  delay  line  (made,  for  example,  of  quartz).  In 
order  to  obtain  proper  phase -addition  of  returns, 
the  RF  phase  of  the  returns  must  be  stored  also; 
this  is  where  the  coherent  oscillator  and  Its 
stability  requirements  enter.  According  to 
Reference  309  where  the  theory  of  Redap  is 
presented,  this  heart  of  the  Redap  system  "has 
been  developed"  and  a  satisfactory  memory  of 
up  to  100  sweeps  is  "readily  attainable."  Since 
MX- 2276  needs  to  Integrate  not  more  than  40 
sweeps,  this  part  of  the  radar  seems  to  Impose 
only  packaging  difficulties. 


extracted  from  the  first  pulse.  The  second- 
time  around  echoes  can  be  effectively  sup¬ 
pressed  by  control  of  the  vertical  antenna  pat¬ 
tern,  without  requiring  excessive  apertures. 
This  mode  of  operation  Id  especially  useful  on 
MX-2276,  because  the  actual  antenna  aperture 
for  a  Redap  system  must  be  at  least  equal  to 
the  distance  traveled  between  pulses,  in  order 
that  the  "diffraction-grating"  lobes  may  be  re¬ 
moved  by  the  central  beam.  For  MX-2276  this 
would  be  about  25  feet,  but  by  using  double-pulse 
operation,  the  distance  traveled  between  pulses 
Is  halved,  so  that  the  length  of  the  antenna  may  be 
halved  also.  If  It  were  not  for  this  feature,  there 
would  be  little  or  no  benefit  in  Redap  over  the 
simultaneous  lobing  technique  outlined  above. 
The  power  tube  for  thlB  application  will  probably 
have  to  be  a  pulsed  hlgh-power  klystron  or  sta- 
billtron,  amplifying  the  signal  from  a  stable  local 
oscillator,  in  order  to  achieve  the  necessary 
pulse -to-pulse  phase  stability.  Such  tubes  are 
now  available  at  S-band  and  development  of  an 
X-band  equivalent  should  be  possible  by  a 
straightforward  development  program. 

c.  Summary  of  Proposed  Side- Looking 

Radars 

In  summary,  then,  it  is  proposed  to 
study  the  following  two  radar  systems  as  the 
most  promising  for  application  to  the  MX-2276 
navigation  and  reconnaissance  problem. 

(1)  Simultaneous  lobing  1.8-cm  radar 

(2)  Redap  3 -cm  radar 

Tentative  characteristics  of  the  two  radars  are 
listed  in  the  Table  XU. 


f.  Possible  F  o  r  wa  rd  -  L  ook  ing  Radar 

For  the  MX-2276  bomber,  an  additional 

measure  is  necessary  to  achieve  reasonable  In  addition  to  the  two  systems  which 

antenna  size  and  duty  factor.  Because  of  the  are  discussed  In  detail  above,  considerable  time 

great  altitude  of  the  bomber,  more  than  1/2  of  the  has  been  devoted  to  the  problem  of  a  forward- 

available  time  of  a  conventional  radar  would  be  looking  radar.  The  two  reasons  for  the  interest 

wasted  waiting  for  the  first  signal  to  come  back  in  looking  forward  are  (1)  by  seeing  a  target  or 

from  the  ground.  This  time  can  be  utilized  by  check-point  ahead  of  the  bomber,  a  longer  time 

transmitting  another  pulse  as  soon  as  the  first  will  be  available  for  making  corrections  and 

part  of  the  ground  return  comes  back.  Before  commands  to  the  missile.  The  maximum  of  1 

any  of  the  second  pulse  is  returned  from  the  minute  for  making  corrections  to  the  missile 

ground  all  the  useful  Information  wUl  have  been  after  its  release  might  be  increased  by  5  or  10 
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TABLE  XII.  TENTATIVE  CHARACTERISTICS  OF  PROPOSED  RADAR  SYSTEMS 


Simultaneous  Lobing 

Redap 

Wavelength 

1.8  cm  (Ku-band) 

3.0  cm  (X-band) 

Antenna  length 

27  ft 

15  ft 

Pulse  width  * 

0.2  microsecond 

0.15  microsecond 

Repetition  rate 

1900  to  3500  per  second 

1900  to  3500  per  second 

Illuminated  angle 

0.125  degree 

0.38  degree 

Angular  resolution  after 

0.05  degree  =  0,8 

0.029  degree  =0.5 

processing 

mllliradian 

ntilllradlan 

Means  of  data 

Fixed  antenna,  stabilized 

Stabilized  antenna,  fixed 

stabilization 

display 

display 

Peak  power  required 

500  kilowatts 

2.4  megawatts 

Average  power  (max.) 

350  watts 

1260  walls  total 

Power  tube 

Magnetron 

Klystron,  Master 
oscillator. power 
amplifier 

*A  pulse  width  of  0.15  microsecond  will  provide  a  resolution  of  200  It  within  10  miles  of  the 
nadir,  and  a  best  resolution  of  about  80  ft  at  the  maximum  lateral  range  of  50  miles. 


seconds.  (2)  neither  of  the  two  radars  proposed 
above  can  see  the  ground  within  10  miles  on 
either  side  of  the  ground  track.  A  forward 
looking  radar  could  provide  radar  coverage  of 
the  ground  track,  and  would  also  permit  cor¬ 
relation  and  comparison  with  the  optical-camera 
record  which  will  be  useful  almost  solely  within 
10  miles  of  the  ground  track.  (A  rearward - 
looking  radar  was  considered  but  was  dropped 
because  it  would  not  provide  the  lead-time,  and 
would  probably  encounter  much  more  severe 
beam-bending  problems  because  of  the  unfavor¬ 
able  slant  angle  through  the  turbulent  trail.) 


From  this  study  it  was  concluded  that 
a  single  radar  to  give  the  required  resolution 
and  width  of  coverage,  and  to  look  forward  also, 
is  apparently  not  feasible.  A  "filler"  set,  how¬ 


ever,  which  would  provide  forward  and  down¬ 
ward  coverage  only,  is  possible  and  could  be 
Included  if  the  additional  desirable  qualities 
listed  above  are  considered  Important  enough 
to  warrant  the  use  of  an  additional  radar.  For¬ 
ward  coverage  is  achieved  by  two  linear-array 
antennas  whose  longitudinal  axes  are  skewed 
with  respect  to  the  bomber's  heading.  Each 
antenna  is  designed  to  illuminate  a  cone  about 
its  longitudinal  axis.  The  two  cones  then  Inter¬ 
sect  the  ground  in  a  pair  of  hyperbolas  ahead 
of  the  bomber  as  shown  in  Figure  76.  A  return 
In  one  receiver  connected  to  one  of  the  antennas 
must  then  come  from  a  target  on  the  corres¬ 
ponding  hyperbola  on  the  ground.  The  time  of 
the  return  (measured  from  the  transmitted  pulse) 
measures  the  slant  range  and  thus  locates  the 
target  uniquely.  The  returns  could  be  displayed 
on  the  same  strip  chart  used  for  the  main  radar, 
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or  displayed  on  a  separate  chart  for  better  reso¬ 
lution.  Salient  characteristics  of  the  radar  are 
listed  in  Table  XIII. 

g.  Auxiliary  Problems 
(1)  Choice  of  Radome 

The  radome  material  for  the  MX- 
2276  bomber  has  been  tentatively  chosen  as  a 
ceramic  material  in  order  to  withstand  the  high 
temperatures  encountered  on  the  bomber'  8  lower 
surface.  Materials  of  sufficient  strength  are 
available  since  linear  arrays  will  bn  used,  and 
mechanical  support  can  be  provided  for  rela¬ 
tively  small-sized  flat  panels. 

For  the  Ku-Band  system,  radome 
reflection  and  refraction  effects  can  be  virtually 
eliminated  because  all  dimensions  between  the 
array  and  the  antenna  are  virtually  fixed.  There¬ 
fore,  the  effect  of  the  radome  will  be  a  fixed 


impedance  at  the  antenna  input,  andafixed, cal¬ 
culable  deflection  of  the  radar  pattern. 

For  the  fiedap  system  the  radome 
problem  is  slightly  more  difficult  because  the 
antenna  must  move  with  respect  to  the  radome. 
The  electrical  difficulties,  however,  are  not  as 
severe  as  those  of  present  supersonic  fighters 
and  missiles,  because  the  radome  Is  flat,  not 
curved,  and  the  antenna  is  an  array  that  Is  fairly 
easily  calculated.  Mechanical  difficulties  Bhould 
be  less  because  the  radome  is  relatively  narrow 
and  can  be  supported  at  frequent  intervals. 

(2)  Missile  Command  System 

The  problems  of  transmitting  cor¬ 
rections  from  the  bomber  to  the  missile  in  ac¬ 
cordance  with  data  from  the  radar  havenotbeen 
examined  in  detail.  However,  on  a  separate  con¬ 
tract,  Bell  Aircraft  haB  been  developing  a  variety 
of  command  systems  that  give  a  high  degree  of 
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security,  freedom  from  Jamming,  and  freedom 
from  capture.  The  state  of  these  developments 
is  such  that  the  MX-2276  problem,  while  dif¬ 
ficult,  could  use  techniques  now  in  existence. 
Tentative  parameters  are  indicated  in  the 
Table  XIV. 

The  figures  in  Table  XIV give  an  allowable  path 
attenuation  of  154  db,  which,  at  this  frequency 
corresponds  to  a  (slant)  range  of  240  miles. 
This  corresponds  to  a  total  delay,  between  the 
time  that  MX-2276  passes  over  the  target  and 
the  time  that  the  missile  is  over  the  target,  of 
about  1  minute. 

(3)  Equipment  Air  Conditioning 

The  problem  of  cooling  the  various 
electronic  equipments  in  MX-2276  is  dependent  to 


a  large  extent  upon  the  method  chosen  to  cool 
the  cockpit.  These  two  cooling  requirements 
wilt  In  all  probability  be  combined  in  a  single 
system. 


Since  this  problem  is  intimately 
connected  with  the  detailed  Interior  deBign  of 
MX-2276,  which  has  not  been  the  subject  of  the 
present  study,  present  efforts  have  been  re¬ 
stricted  to  a  survey  of  the  literature  on  design 
of  aircraft  electronics  to  improve  cooling.  It 
is  expected  that  much  of  the  research  and  de¬ 
velopment  now  in  progress  in  various  univer¬ 
sity  and  government  laboratories  will  be  avail¬ 
able  for  incorporation  in  MX-2276  when  the 
time  comes  for  detailed  layout  and  design  of 
the  equipment  compartments. 


TABLE  XIV.  TENTATIVE  R-F  PARAMETERS  OF  MX-2276  MISSILE  COMMAND  SYSTEM 


Frequency 

Transmit  ant.  2-in,  helix 
Receive  ant.  blconical  horn 
Peak  power 

Average  power  (during  bursts) 
Receiver  noise  power 
Minimum  signal-to-noise  ratio 
Atmospheric  attenuation 


3000  me 
!  1C  db 
+  4  db 

5  kw  (+67  dbm) 

5  watts 

-100  dbm  (superhetrodyne,  2mc  b/w) 
+  20  db 
-  7  db 
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I.  GENERAL 


The  studies  In  propulsion  of  the  MX-2276 
weapon  system  have  thus  far  consisted  of 
further  examination  of  the  propellant  combi¬ 
nations  described  in  Reference  1,  plus  con¬ 
sideration  of  other  propellant  combinations. 
The  problems  of  power  plant  design  and  oper¬ 
ation,  as  affected  by  propellant  selection,  have 
been  discussed  in  detail  with  design  engineers 
and  test  personnel.  This  report  is  not  Intended 
as  a  general  review  of  the  propellant  field, 
since  such  reviews  have  been  made  by  other 
agencies  for  generally  similar  applications. 
However,  the  data  and  results  of  these  studies 
have  been  used  extensively  in  the  present  in- 

tv  n  V*  1  1  ♦  I  v..' 

?  «- m »f»ut  U/H  , 

The  procedure  being  used  consists  of  a 
consideration  of  all  possible  propellants  and 
elimination  of  the  undesirable  combinations. 
This  procedure  has  not  been  completed.  Owing 
to  the  fact  that  a  considerable  amount  of  work 
has  been  done  on  various  propellant  combinations 
since  Reference  1  was  prepared  and  the  fact 
that  the  problem  of  regenerative  cooling  Is  being 
considered  more  closely,  It  Is  expected  that  the 
final  propellant  selection  will  differ  somewhat 
from  those  of  Reference  1. 


2  BASIC  PROPELLANT  SELECTION 


Various  propellant  combinations  have  been 
examined  on  the  basis  of  performance,  com¬ 
bustion  chamber  temperature,  regenerative 
cooling  possibilities,  potential  availability  and 
cost,  toxicity,  handling  experience,  and  storage 
stability.  These  propellant  combinations  were 
made  up  of  four  oxidizers  and  five  fuels. 


The  oxidizers  considered  are  liquid  fluo¬ 
rine,  liquid  ozone,  liquid  oxygen  and  RFNA. 
The  first  three  are  the  highest  energy  oxidizers 
available.  RFNA  is  Included  because  of  the 
large  amount  of  operating  experience  with  this 
oxidizer. 

The  fuels  considered  are  hydrazine,  un- 
symmetrical  dimethylhydrazine,  the60%hydra- 
zine -40%  ammonia  mixture,  JP-4,  and  the  75% 
ethyl  alcohol-25%  water  mixture.  The  first 
three  are  relatively  high  energy  fuels.  The  last 
two  have  been  UBCd  more  than  any  other  to  date. 

These  propellant  combinations  are  first 
compared  on  the  basis  of  specific  impulse. 

a.  Specific  Impulse  Values  for  the  MX- 

2276  Engine  Conditions 

The  theoretical  shifting  equilibrium 
values  of  specific  impulse  for  a  chamber 
pressure  of  300  psia  and  a  nozzle  exit  pressure 
of  14.7  psla  are  shown  In  Table  XV  for  various 
propellant  combinations.  Figures  77,  78,  and 
79  show  the  theoretical  shifting  equilibrium 
values  of  specific  Impulse  versus  chamber 
pressure  with  nozzle  exit  pressures  of  14.7, 
10.6,  and  1.47  psia.  Figure  78  corresponds  to 
the  first  stage  of  MX-2276,  while  Figure  79 
corresponds  to  the  second  and  third  stages. 

The  theoretical  values  of  specific  im¬ 
pulse  shown  in  Figures  77  through  79  were 
calculated  for  various  expansion  ratios  from 
the  data  in  Table  XV.  The  following  con¬ 
version  factor  was  used. 
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Figure  78.  Theoretical  Performance  of 
Several  Rocket  Propellants  (Expanded 
to  10.6  pul) 


Cftoffibir  Pr«M«rt  -  r»,0 


Figure  79.  Theoretical  Performance  of 
Several  Rocket  Propellants  (Expanded 
to  1.47  psl) 


I8p  =  specific  impulse  — — 

Pe  =  Exit  pressure,  psi 
Pc  =  Chamber  pressure,  psi 
K  =  Ratio  of  specific  heats 

The  additional  increase  in  specific  impulse  re¬ 
sulting  from  reduced  dissociation  effects  at  the 
higher  chamber  pressures  was  neglected. 
Calculations  show  that  an  Increase  in  specific 
impulse  obtainable  with  an  Increase  In  com¬ 
bustion  chamber  pressure  is  almost  entirely 
caused  by  the  increased  expansion  ratio  through 
the  nozzle.  However,  an  Increase  of  approxi¬ 
mately  one  percent  may  be  expected  at  a  chamber 
pressure  of  1000  psia  over  the  value  shown  in 


Figures  77  through  79.  Various  properties  of 
the  propellants  considered  in  this  evaluation  are 
briefly  summarized  in  Table  XVI. 


b.  Other  Factors 

Of  the  possible  combinations  obtainable 
from  the  propellants  considered,  some  can  be 
eliminated  immediately.  The  use  of  ozone 
should  not  be  considered  at  the  present  time 
because  of  the  logistics,  handling,  and  toxi¬ 
cological  problems  of  this  oxidizer.  Con¬ 
centrations  of  ozone  greater  than  25%  cannot 
be  handled  safely.  Use  of  less  than  this  amount 
does  not  provide  sufficient  increase  in  per¬ 
formance  to  warrant  Its  application.  RFNA  Is 
not  satisfactory  for  MX-2276  since  the  highest 
performance  of  RFNA  with  any  of  these  fuels 
is  246  seconds  with  hydrazine.  Other  accept- 
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TABLE  XV.  THEORETICAL  SPECIFIC  IMPULSE  (SHIFTING  EQUILIBRIUM) 
OF  VARIOUS  PROPELLANT  COMBINATIONS 


*  Approximate  mixture  ratio  for  maximum  specific  impulse 

**  Chamber  pressure  300  psia,  nozzle  exit  pressure  14.7  psia,  shifting  equilibrium 


able  propellant  combinations  have  performance 
levels  higher  than  this  as  shown  In  Figure  77. 

Liquid  fluorine,  if  used  with  any  of 
these  fuels,  will  give  substantially  higher  per¬ 
formance  than  other  oxidizers.  However,  it  is 
believed  that  the  use  of  100%  liquid  fluorine  as 
oxidizer  should  not  be  considered  at  the  present 
time.  There  is  relatively  little  experience 
with  handling,  toxicological,  and  corrosion  pro¬ 
blems  to  consider  developing  a  satisfactory 
rocket  engine  within  the  proposed  development 
periods.  In  addition,  the  availability  and  cost 


of  pure  liquid  fluorine  does  not  encourage  the 
use  of  this  material  in  the  quantities  required 
for  this  large  a  program. 

This  leaves  liquid  oxygen  as  the  most 
desirable  oxidizer  for  use  in  MX-2276  at  the 
present  time.  Liquid  oxygen  and  JP-4  are  al¬ 
ready  in  use  for  large  missile  applications  and 
this  combination  has  many  advantages  to  ex¬ 
plain  its  popularity.  However,  the  specific 
impulse  obtainable  with  this  propellant  com¬ 
bination  cannot  be  regarded  as  adequate  for 
the  MX-2276  performance  level,  resulting  in  an 
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excessively  high  take-off  weight.  It  is  there¬ 
fore  of  Interest  to  investigate  the  possibility 
of  increasing  the  performance  level  of  this 
combination  by  modifying  the  fuel  or  the  oxi¬ 
dizer  or  both  in  order  to  improve  specific 
impulse  without  adversely  affecting  the  other 
features  of  this  combination. 

3  IMPROVEMENT  OR  SUBSTITUTION 
OF  FUELS 

a.  Pure  Hydrocarbons 

Substitution  of  a  pure  hydrocarbon  for 
JP-4,  or  blending  JP-4  and  a  pure  hydrocarbon 
could  improve  the  specific  impulse.  However, 
a  significant  improvement  is  obtained  only  by 
going  to  the  light  hydrocarbons  which  must  be 
kept  refrigerated  or  pressurized.  It  is 
doubtful  if  this  complication  is  Justified  by 
the  slight  increase  in  performance  obtainable. 
The  coolant  problem  with  such  a  system  would 
be  more  difficult  than  with  Jet  fuel. 


b.  The  Hydrazine  Fuels 

There  are  three  fuels  available  which 
can  be  used  with  liquid  oxygen  in  MX- 2276. 
These  are  hydrazine,  unsymmetrlcal  dimethyl 
hydrazine,  and  the  60%  hydrazine -40%  ammonia 
mixture.  The  performance  of  these  fuels  at  a 


chamber  pressure  of  300  psia  expanding  to  one 
atmosphere  is  listed  In  Table  XVII. 

The  performance  of  the  hydrazine  and 
unsymmetrlcal  dimethyl  hydrazine  with  liquid 
oxygen  is  greater  than  that  of  the  hydrazine- 
ammonia  mixture,  the  fuel  suggested  in  the 
MX-2276  proposal.  The  bulk  density  and  density 
impulse  of  the  hydrazine -oxygen  combination  is 
substantially  greater  than  the  remaining  two 
combinations,  while  that  of  the  unsymmetrlcal 
dimethyl  hydrazine -oxygen  is  approximately  one 
percent  greater  than  the  proposed  MX-2276  pro¬ 
pellant.  In  addition,  the  performance  and 
mixture  ratio  of  the  hydrazine  -ammonia  mixture 
and  liquid  oxygen  are  slightly  different  than 
previously  used.  The  difference  in  performance 
of  these  fuels  with  liquid  oxygen  is  not  sufficient 
to  base  a  selection  on  this  parameter  alone. 

Since  the  MX-2276  thrust  chambers 
must  be  regeneratively  cooled,  one  of  the  pro¬ 
pellants  must  be  a  satisfactory  coolant.  In  the 
section  on  oxidizers  (Section  IV-E4)  it  Is  shown 
that  uxygen  is  not  satisfactory.  Therefore,  the 
fuel  must  be  usable  as  a  primary  regenerative 
coolant.  The  coolant  properties  and  related 
characteristics  of  the  fuels,  as  well  as  proper¬ 
ties  required  for  handling  and  logistics  must 
therefore  be  considered. 


c.  Hydrazine 

The  major  drawbacks  to  the  use  of 
hydrazine  are  its  relatively  high  freezing  point, 


TABLE  XVII.  PERFORMANCE  OF  HYDRAZINE  FUELS* 


Propellant 

r 

i 

sp 

PB 

Id  = 

I  x  P_ 
sp  B 

°2  *  N2H4 

0.83 

272 

1.065 

290 

02&N2H2(CH3>2 

1.10 

268 

0.955 

25C 

02  &  N2H4  -  NH3(60%  N2H4) 

1.06 

_ 

266 

0.951 

253 

— 

(r  =  oxidizer/fuel  by  weight;  Pp=  bulk  specific  gravity  of  propellant) 
•at  a  chamber  pressure  of  300  psia  expanding  to  one  atmosphere. 
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its  toxicity,  its  poor  thermal  stability,  and  its 
tendency  toward  accelerated  decomposition  in 
the  presence  of  common  materials  such  as  mild 
steel.  On  the  favorable  side,  hydrazine  has  a 
high  density,  a  high  specific  heat,  a  low  vapor 
pressure,  and  good  storage  stability. 

The  low  thermal  stability  limit  and 
explosive  tendencies  of  hydrazine  vapors  pre¬ 
sently  limit  its  use  as  a  coolant.  North  Amer¬ 
ican  Aviation,  Inc.  and  the  Jet  Propulsion 
Laboratory  of  the  California  Institute  of  Techno¬ 
logy  have  done  a  limited  amount  of  work  on 
regenerative  cooling  with  hydrazine.  JPL 
regeneratively-  cooled  200-pound  thrust  engines 
have  cooling  passages  of  347  stainless  steel 
tubes  with  the  bulk  temperature  of  the  hydrazine 
reaching  a  temperature  of  438°F.  In  tests  With 
engines  of  other  materials,  some  explosions 
occurred  which  were  attributed  to  catalysis  by 
metal  oxides  or  to  overheating  of  hydrazine. 
In  tests  in  which  only  a  section  of  the  chamber 
was  cooled,  bulk  temperatures  reached  a3  high 
as  470" F.  However,  in  this  caso,  the  hydrazine 
was  only  in  the  section  a  short  time.  In  any 
case  Jr'L  does  not  recommend  the  use  or 
hydrazine  as  a  rocket  coolant. 


North  American  Aviation,  Inc.,  has 
regeneratively  cooled  300-pound  thrust  engines 
with  the  bulk  temperatures  of  the  hydrazine 
reaching  230° F.  The  presence  of  iron  oxides, 
rust,  in  the  hydrazine  was  indicated  as  the  cause 
of  some  explosions  during  the  early  phaseB  of 
the  work. 


The  results  of  the  above  work  are  too 
limited  In  the  range  of  operating  conditions  to 
Justify  the  designation  of  hydrazine  as  a  satis¬ 
factory  regenerative  coolant.  This  work  was 
done  at  relatively  low  chamber  pressures  and 
with  hydrazine  inlet  temperatures  at  normal 
room  temperatures.  An  inlet  temperature  of 
160°F  will  raise  the  bulk  temperature  at  the 
injector  about  100°F  above  the  values  obtained. 
In  addition,  heat  transfer  rates  will  increase 
almost  in  proportion  to  the  increase  in  chamber 
pressure.  Therefore,  the  use  of  hydrazine 
must  be  avoided  until  additional  development 
work  can  be  done  with  cadmium  or  other 
metallic  stabilizers  which  tend  to  reduce  the 
decomposition  rates  of  hydrazine. 


Unsymmetrlcal  Dimethyl  Hydrazine 

Unsymmetrlcal  dimethyl  hydrazine  has 
a  lower  density,  a  slightly  lower  specific  heat, 
and  a  higher  vapor  pressure  than  hydrazine. 
Its  toxicity  has  not  been  fully  determined,  but 
is  probably  somewhat  less  than  hydrazine.  Its 
storage  stability,  under  conditions  of  limited 
contact  with  air,  is  very  good.  It  can  be 
stored  safely  and  without  fear  of  deterioration 
or  freezing  over  a  wide  range  of  temperature. 
Its  thermal  stability  is  much  better  than  hydra¬ 
zine.  Its  vapors  are  not  explosive.  On  the 
basis  of  its  superior  phyBiochemical  properties, 
unsymmetrlcal  dimethyl  hydrazine  in  probably 
more  suitable  for  regenerative  cooling  than 
hydrazine.  However,  there  Is  no  experimental 
data  on  regenerative  cooling  with  unsymmetrlcal 
dimethyl  hydrazine  to  verify  this. 

e.  Hydrazine- Ammonia  Mixture 

The  addition  of  ammonia  to  hydrazine 
results  in  a  fuel  with  greater  potentialities  as 
a  regenerative  coolant  than  hydrazine.  Ammonia 
has  three  properties  which  are  distinctly  ad¬ 
vantageous  for  use  as  a  regenerative  coolant. 
It  has  good  thermal  stability,  a  high  specific 
heat,  and  a  high  heat  of  vaporization,  Its 
major  drawbacks  are  its  low  density  and  high 
vapor  pressure  at  ambient  temperatures.  The 
density  of  the  hydrazine -ammonia  mixture  is 
higher  than  that  of  unsymmetrlcal  dimethyl 
hydrazine,  but  the  vapor  pressure  is  still  high 
unless  the  mixture  is  kept  refrigerated. 

The  vapor  pressure  and  freezing  points 
of  hydrazine-ammonia  mixtures  are  shown  in 
Figure  80.  The  problem  of  selecting  a  parti¬ 
cular  mixture  is  one  of  compromising  the  per¬ 
formance  of  the  resultant  propellant  combination 
with  the  freezing  point  and  vapor  pressure  of 
the  mixture.  In  this  case,  since  high  performance 
was  considered  more  important  than  a  low 
freezing  point,  a  relatively  high  hydrazine 
content  was  selected;  namely,  60%,  While  the 
high  freezing  point  (-27°F)  of  this  mixture  may 
not  be  a  serious  handicap  in.  a  weapon  of  this 
kind,  the  high  vapor  pressure  may  present 
some  problems.  Figure  81  shows  the  vapor 
pressure  of  the  mixture  as  a  function  of  tempera¬ 
ture.  It  can  be  seen  that  this  pressure  is  almost 
as  high  as  ammonia  alone. 
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Figure  80.  Vapor  Pressure  and  Freezing 
Points  of  Hydrazine-Ammonia  Mixtures 


Practical  experience  In  using  mixtures 
of  this  kind  shows  that  they  muBt  be  kept  under 
pressure  or  the  more  volatile  component  will 
evaporate,  changing  the  composition  of  the  re¬ 
maining  mixture.  Pressurization  must  be 
maintained  even  during  transfer  from  one  con¬ 
tainer  to  another.  This  presents  a  complication 
In  the  use  of  this  fuel  which  is  not  desirable. 

Experimental  data  on  regenerative 
cooling  with  the  hydrazine -ammonia  mixture  are 
completely  lacking  although  some  tests  have 
been  carried  out  with  ammonia.  Tests  at  JPL 
show  that  regenerative  cooling  with  ammonia 
can  be  accomplished.  Since  not  all  the  tests 
were  successful,  a  problem  area  exists  even 
here  with  pure  ammonia. 
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On  the  basis  of  the  above  information, 
no  choice  as  yet  can  be  made  between  the 
three  hydrazine -type  fuels.  A  program  should 
be  initiated  to  provide  the  basis  for  a  logical 
choice  between  the  three  fuels.  The  heat 
transfer  characteristics  should  be  investigated 
in  an  apparatus  designed  for  this  purpose. 
Subsequently,  thrust  chamber  firings  should  be 
made.  Without  substantial  evidence  such  as 
obtainable  from  actual  firings,  any  choice  be¬ 
tween  the  three  fuels  must  be  considered 
conjectural. 


4.  OXIDIZERS 

a.  Oxygen  as  a  Coolant 

Theoretically,  liquid  oxygen  under 
pressure  greater  than  its  critical  pressure  can 


Figure  81.  Vapor  Pressure  vs  Temperature 
for  Ammonia,  Hydrazine,  and  Hydrazine- 
Ammonia  Mixture 
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be  used  as  a  regenerative  coolant  since  no 
phase  change  will  occur  in  heating  it  above  its 
critical  temperature.  The  heat  transfer  process 
which  occurs  under  these  conditions  is  not  very 
well  understood  and  design  data  in  this  field  are 
completely  lacking.  For  this  reason  some  tests 
were  made  at  Bell  Aircraft  using  liquid  nitrogen 
in  a  heat  transfer  apparatus  which  is  used  by 
this  company  for  investigation  of  cooling  charac¬ 
teristics  of  rocket  fuels.  Liquid  nitrogen  waB 
used  because  the  critical  point  of  nitrogen  gas 
was  within  the  pressure  limitations  of  the 
apparatus  and  it  can  be  expected  to  give  results 
similar  to  those  which  may  be  expected  for 
liquid  oxygen.  These  tests  show  that  the  wall 
temperature  will  increase  continuously  at 
pressures  (600  psi)  above  the  critical  pressure 
(500  psl)  as  the  heat  flux  increases.  The 
initially  linear  curve  bends  gradually  at  higher 
heat  fluxes  towards  higher  and  higher  wall 
temperatures.  The  data  are  presently  being  re¬ 
duced  and  correlated  to  determine  if  this  is  a 
function  of  changing  physical  properties.  Burn¬ 


out  heat  flux  was  approximately  one-half  of 
corresponding  values  for  JP-4.  It  is  realized, 
however,  that  unmodified  extrapolation  of  the 
results  with  liquid  N2  to  liquid  O2,  may  not  be 
Justified.  The  corrosive  properties  of  liquid 
oxygen  will  undoubtedly  limit  the  use  of  liquid 
oxygen  aB  a  coolant  to  those  parte  of  the  system 
where  the  local  temperature  and  heat  rejection 
rates  are  relatively  low. 

b.  Addition  of  Fluorine  to  Liquid  Oxygen 

Liquid  fluorine  is  the  highest  per¬ 
formance  oxidizer  available  for  use  with  fuels 
containing  no  carbon.  With  fuels  containing 
carbon,  fluorine  alone  offers  a  smaller  per¬ 
formance  advantage  over  liquid  oxygen,  because 
the  fluorine  reacts  only  with  the  hydrogen, 
leaving  the  carbon  to  burn  with  oxygen.  There¬ 
fore,  with  a  hydrocarbon  fuel,  such  as  JP-4, 
the  optimum  oxidizer  appears  to  be  a  mixture 
of  liquid  oxygen  and  liquid  fluorine  (Figure 
82). 


LIQUID  OXYOEN  ♦  LIQUID  FLOURINE  (  JP-4 
1  •  MIXTURE  RATIO.  OXIDIZER /FUEL  (  iT  WEIOHT) 
CHAMBER  PRESSURE  >  BOO  Mia 

THEORETICAL  EXPERIMENTAL 

O  SHIFTINO  EQUILIBRIUM  0—^3  NAA 

O  FROZEN  COMPOSITION  0  AEROJET  RTSS 

■ft  NRCA  RM  ES3J20 


Figure  82.  Specific  Impulse  vs  Percentage  of  Fluorine  by  Weight  in  an  Oxidizer  for 
a  Propellant  Consisting  of  Oxygen  Plus  Fluorine  and  JP-4 
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If  it  is  assumed  that  oxidation  of  the 
fuel  occurs  selectively,  it  would  seem  that 
maximum  performance  would  occur  with  an 
oxidizer  mixture  that  would  give  exhaust  pro¬ 
ducts  consisting  mainly  of  carbon  monoxide  and 
hydrogen  fluoride.  The  oxidizer  mixture  for 
JP-4  would  then  be  a  mixture  consisting  of  70% 
fluorine  and  30%  oxygen.  Experimental  results 
from  North  American  Av'atlon  appear  to  bear 
this  out.  Tests  have  shown  that  performance 
very  near  the  maximum  is  attained  with  an 
oxidizer  consisting  of  50%  fluorine  and  50% 
oxygen.  Smooth  hypergolic  starts  were  attained 
with  JP-4  and  from  4  to  11  percent  fluorine  in 
the  oxygen. 

It  appears,  therefore,  that  some  im¬ 
provement  over  liquid  oxygen  and  Jot  engine 
fuel  as  a  propellant  combination  is  possible, 
provided  that  the  additional  development  time 
necessary  for  Its  realization  can  be  included  in 
the  schedule  of  this  weapon  development. 
Further  study  of  fluorine  as  an  additive  to 
liquid  oxygen  is  required  in  order  to  estimate 
more  carefully  the  additional  development  re¬ 
quired.  Further  study  cf  hydrazine  fuels, 
particularly  dimethyl  hydrazine,  is  desired  also, 
although  this  will  be  a  more  lengthy  investigation. 

5  RESULTS 

Since  this  is  an  interim  technical  report, 
no  final  recommendation  of  one  propellant 
combination  can  be  made  at  the  present  time. 
Additional  work  now  In  progress  will  facilitate 
a  final  selection.  The  problem  of  propellant 
selection  has  been  reduced  to  a  choice  of  three 
propellant  combinations.  The  selection  of  one 
of  these  combinations  Is  dependent  upon  a  number 
of  factors  which  are  affected  by  the  over-all 
program  planning  and  must  be  considered  care¬ 
fully.  These  three  propellant  combinations  are: 


a.  Liquid  Oxygen-Jet  Fuel 

This  combination  represents  the  most 
conservative  choice  and  would  permit  adaptation 
to  available  hardware  and  the  greatest  assurance 
of  development  within  the  time  period  being  con¬ 
sidered.  However,  it  will  result  in  a  larger 
vehicle  than  that  described  in  Reference  1. 

b.  Liquid  Oxygen-Dimethyl  Hydrazine 

ThiB  combination  permits  a  higher  level 
of  performance  and  will  result  in  a  missile  some¬ 
what  larger  than  described  in  Reference  1. 
However,  the  ability  to  cool  a  thrust  chamber 
with  dimethyl  hydrazine  has  not  been  established. 
Some  experimental  investigation  of  thisfuel  must 
bo  carried  out  before  this  combination  can  be 
chosen. 

c.  Liquid  Oxygen  +  Liquid  Fluorine  - 

JP-4 

This  combination  will  permit  a  sub¬ 
stantial  increase  in  performance  over  liquid 
oxygen-jet  fuel.  The  addition  of  20%  fluorine 
will  permit  a  weapon  of  the  same  size  as  that 
described  in  Reference  1.  The  addition  of  50% 
will  decrease  the  size  of  the  vehicle  consider¬ 
ably.  However,  the  addition  of  fluorine,  while 
making  the  combination  hypergolic,  will  Intro¬ 
duce  additional  handling  and  material  problems. 
The  development  time  will  be  extended  and  the 
opportunity  to  use  available  hardware  will  be 
restricted. 

Further  study  and  work  will  be  con¬ 
cerned  with  a  more  detailed  consideration  of  the 
over-all  missile  problems  as  affected  by  the 
selection  of  one  of  these  propellants.  The 
object  will  be  to  select  a  single  propellant 
combination  prior  to  initiation  of  any  develop¬ 
ment  work. 
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The  following  are  tentative  conclusions 
which  have  been  reached  at  this  stage  of  the 
Investigation.  These  conclusions  may  lie  modi¬ 
fied  to  some  degree  as  the  Investigation  con¬ 
tinues. 

1.  Methods  lor  providing  the  pilot  with  a 
suitable  environment  for  a  flight  of  approxi¬ 
mately  one  hour,  have  been  determined  and 
appear  both  practical  and  feasible. 

2.  In  general,  present  methods  for  calcu¬ 
lating  heat  transfer  and  skin  temperatures  are 
applicable  up  to  M  w  10. 

3.  Methods  are  available  by  which  the 
aerodynamic  characteristics  of  lift  and  drag 
may  bo  predicted  with  engineering  accuracy  to 
M  «  10. 

4.  The  use  of  uninsulated  or  uncooled 
structures,  utilizing  even  the  most  heat-re¬ 
sistant  materials  available,  results  In  structur¬ 
al  weights  higher  than  those  obtainable  using 
aluminum  structure  In  combination  with  sut- 
ficient  insulation. 


5.  The  use  of  radiation  insulating  barriers 
appears  superior,  on  a  weight  basis,  to  the  UBe 
of  solid  insulations. 

6.  A  multiaxis  inertial  system  appears  to 
provide  the  necessary  guidance  accuracy  for  the 
weapon  system,  if  the  target  tocation  is  known 
prior  to  launch, 

7.  A  side-looking  radar  seems  to  provide 
the  most  suitable  system  for  the  necessary 
navigation  and  reconnaissance  functions. 

8.  Thus  far ,  four  propellant  combinations 
have  been  selected  for  further  evaluation. 

(a)  Liquid  oxygen  (LOX)  and  JP-4 
constitute  the  combination  requiring  least  de¬ 
velopment  time  and  maximum  use  of  available 
hardware.  However,  the  performance  is  in¬ 
adequate  for  keeping  the  take-off  weight  of 
MX -227 6  within  the  limits  obtained  in  Reference 
1, 

(b)  Liquid  oxygen  with  a  hydrazine- 
ammonia  mixture  Is  the  propellant  combination 
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assumed  in  Reference  1  because  it  has  per¬ 
formance  superior  to  that  of  Lox  and  JP-4. 
However,  although  the  fuel  mixture  probably 
has  better  qualities  as  a  regenerative  coolant 
than  hydrazine,  its  actual  characteristics  in  this 
respect  are  not  yet  known.  This  propellant  there¬ 
fore  requires  a  longer  development  period  than 
Lox  and  JP-4, 

(c)  Liquid  oxygen-dimethyl  hydrazine 
is  only  slightly  superior  to  combination  (b)  in 
terms  of  performance,  but  dimethyl  hydrazine 


is  preferable  to  hydrazine-ammonia  as  well  as 
to  hydrazine  for  several  other  reasons.  How¬ 
ever,  its  cooling  properties  are  atso  not  yet 
known.  Therefore  for  practical  application,  this 
combination  requires  an  extended  development 
period. 

(d)  Liquid  oxygen-fluorine  and  JP-4 
provide  considerable  performance  improvement 
over  the  previously  mentioned  combinations,  but 
require  appreciably  more  development  efforts. 
Such  development  work  is  presently  in  progress. 
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PROGRAM  FOR  REMAINING  SIX  MONTHS 


The  principal  lincsof  effort  during  the  next 
Six  months  wiii  be  discussed  under  the  parti¬ 
cular  fields  to  which  they  pertain. 

A.  PILOT  ENVIRONMENT 

The  emphasis  will  be  upon  the  psychomotor 
capabilities  of  the  pilot  in  the  environment  pro¬ 
vided  in  Stage  III.  Evaluation  of  the  methods 
proposed  for  maintaining  this  environment  and 
determination  of  the  weight  of  the  various 
systems  will  also  continue. 

B  AERODYNAMICS 

1.  GENERAL  PLAN 

During  the  second  half  of  the  present 
study  more  emphasis  will  be  placed  on  obtain¬ 
ing  methods  of  analysis  and  on  making  sample 
calculations  to  show  the  magnitudes  of  the 
various  problems  and  possible  ways  of  allevi¬ 
ating  them.  In  addition  it  is  planned  to  re¬ 
evaluate  the  original  configuration.  Conclusions 
will  then  be  drawn  as  to  the  Importance  of  the 


various  aerodynamic  problems,  changes  indi¬ 
cated  in  the  configuration  and  courses  of  future 
action  to  be  taken.  Theoretical  and  experi¬ 
mental  needB  will  be  outlined. 

A  more  specific  breakdown  of  the  aero¬ 
dynamic  investigations  planned  for  the  second 
half  of  the  study  is  outlined  here  under  the 
headings  of  the  general  aerodynamic  problem 
areas. 


2.  LIFT  AND  DRAG  AT  HYPERSONIC 

SPEEDS 

a.  Continue  the  study  of  theories  for  the 
prediction  of  wing,  body  and  control  character¬ 
istics  -  the  shock-expansion  theory  and  its 
modifications,  the  Newtonian  impact  theory,  the 
methods  for  predicting  skin  friction,  etc. 

b.  Where  appropriate  consider  the  effects 
of  the  boundary  layer  -  the  transition  point, 
self-induced  pr e s su  r  e  gr adle nt  s,  shock¬ 
boundary  layer  Interaction,  and  slip  flow  -  and 
the  effects  of  possible  dissociation. 
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c.  Apply  these  methods  to  the  re-evalu- 
atlon  of  the  lift,  drag,  and  L/D  of  the  original 
configuration  as  well  as  other  typical  con¬ 
figurations. 

d.  Outline  experimental  research  needs 
and  recommend  test  programs  for  current  re¬ 
search  facilities  or  facilities  to  bo  completed 
in  the  near  future. 

3.  AERODYNAMIC  HEATING 

a.  Continue  the  Investigation  of  the  in¬ 
clusion  of  streamwise  temperature  gradients  in 
heat  transfer  estimations. 

b.  Add  the  effects  of  self-induced  pressure 
gradient  and  shock-boundary  layer  Interaction  to 
the  analysts  of  flat  plate  flow. 

c.  Study  means  of  analyzing  the  heat 
transfer  in  the  vicinity  of  the  wing  leading  edge 
and  body  nose  radii  and  estimate  typical  skin 
temperatures  la  these  areas. 

d.  Evaluate  the  effect  of  situ  flow  dis¬ 
sociation,  boundary  layer  transition,  and  surface 
emissivlty  on  the  heat  transfer  and  skin  tempera¬ 
ture. 

e.  Estimate  the  transpiration  cooling 
needed  to  hold  parts  of  the  aircraft  to  given 
temperatures  -  the  best  fluid  or  gaseous  cool¬ 
ants  to  use  and  the  amount  required. 

f.  Re-estimate  typical  temperatures  for 
the  original  flight  plan. 

g.  Make  the  surface  temperature  esti¬ 
mations  necessary  for  a  study  of  reducing 
temperatures  by  modifying  the  flight  plan. 


research  needs 


h.  Outline  experimental 
and  recommend  test  programs, 

4.  PERFORMANCE 


a.  With  the  equations  of  motion  presently 
derived,  use  the  aerodynamic  and  propulsion 
parameters  estimated  for  the  MX-2276  con¬ 
figuration  to  find  what  simplifications  in  these 


equations  can  be  tolerated  and  still  retain  the 
desired  accuracy. 

b.  Then  having  established  practical  e- 
quations  for  the  flight  path  -  the  take-off,  ascent, 
and  glide  -  study  the  effects  of  flight  in  differ¬ 
ent  directions  about  the  earth,  of  configuration 
changes,  and  of  propulsion  system  performance 
on  the  overall  performance. 

c.  Study  the  relative  trajectories  of  stage 
111  and  the  bomb. 

d.  Investigate  the  feasibility  of  reducing 
stage  III  temperatures  by  adjusting  the  flight 
path. 

5.  STABILITY  AND  CONTROL 

a.  As  part  of  the  investigation  of  wing, 
body  and  control  surface  characteristics  Include 
the  estimation  of  moments  and  centers  of 
pressure  and  thus  aerodynamic  stability  para¬ 
meters. 

b.  Obtain  the  equations  ol  angular  motion 
of  the  stage  III  relative  to  the  earth.  This  study 
will  be  a  continuation  from  the  linear  motion 
study  and  la  presently  under  way. 

c.  Indicate  the  arrangements  of  body, 
wings,  and  control  surfaces  best  suited  to  hyper¬ 
sonic  flight,  and  In  the  light  of  these  results 
examine  the  original  configuration, 

6.  LAUNCHING  AND  STAGE  SEPARATION 

The  stability  and  control  problems  associ¬ 
ated  with  this  subject  will  be  studied. 


C.  STRUCTURES 

1.  CRITERIA  AND  LOADS 

Additional  investigations  into  various 
phases  of  flight  operations  are  to  be  made  to 
establish  design  accelerations  in  vertical  and 
lateral  directions  lor  steady  state, dynamic, and 
gust  conditions.  Logical  combinations  of  the 
various  accelerations  must  be  deduced  toobtain 


Report  No.  D143-M5-0U 


128 


SECRET 


SECRET 


strength  levels  consistent  with  present  aircraft 
design  practice. 

Calculation  methods  for  arriving  at  hyper¬ 
sonic  and  supersonic  air-loads  determinations 
for  the  exposed  lift-surfaces  and  the  body,  in 
single  and  multistage  flight,  are  to  be  evaluated. 
Various  methods  of  performing  such  analyses 
are  to  be  outlined,  and  the  acceptability  of  each 
(for  structural  loads  analysis  purposes)  deter¬ 
mined.  Static  and  dynamic  flight  conditions  are 
to  be  covered. 

Presently  accepted  landing  load  criteria 
are  to  be  evaluated  In  the  light  of  the  special 
demands  of  the  MX-2276  configuration  and 
mission.  This  analysis  is  expected  to  result 
in  acceptance,  or  appropriate  modification,  of 
the  criteria  currently  specified  by  the  Air 
Force,  for  design  oi  conventional  aircraft. 

Flight  (and  other)  loading  conditions  are  to 
be  evaluated  for  critical  structural  deflections 
and  deformations.  Whore  these  are  found  to  be 
prime  considerations,  criteria  arc  to  be  formu¬ 
lated  wnicn  will  provide  a  deflection  basis  for 
design  of  such  structures  in  lieu  of  the  load 
criteria  basis. 

The  following  miscellaneous  criteria  will 
be  evaluated  to  include  possible  variations  in 
MX-2276  configuration  and  performance: 

a.  Factors  of  Safety 

h.  Design  Weight 

c.  Fuel  Cell  Criteria 

d.  Engine  Mount  Load  Criteria 

e.  Material  Allowable  Criteria 

2.  STRUCTURAL  CONFIGURATIONS 

Upon  completion  of  the  materials,  Insu¬ 
lation,  and  cooling  studies,  the  Information 
obtained  will  be  applied  to  the  refinement  and 
development  of  the  MX-2276  structural  con¬ 
figuration  as  outlined  In  Reference  1.  The 
primary  structure  will  be  considered  in  con¬ 


junction  with  the  various  arrangements  oi  insu¬ 
lating  and  cooling  that  will  have  been  shown  to 
be  practical  and  efficient.  Various  degrees  of 
heat  protection  will  be  considered  including,  of 
course,  the  case  of  no  protection;  and  various 
materials  will  be  used  In  the  primary  structure. 
Each  combination  of  structure  plus  heat  pro¬ 
tection  will  be  arranged  for  loading  and  thermal 
conditions  appropriate  to  principal  structural 
components  of  the  third  stage  of  MX-2276, 
and  the  unit  weights  of  each  arrangement  will 
be  compared  In  order  to  Indicate  optimums. 
Similar  considerations  will  be  given  to  second¬ 
ary  structure  such  as  leading  edges,  control 
surfaces,  etc. 

When  these  studies  are  completed,  it  is 
intended  that  further  proposals,  more  detailed 
and  with  a  better  background  than  those  of 
Reference  1,  will  be  made  for  the  structural 
configuration.  On  the  basis  of  these  proposals, 
revised  estimates  of  structure  weights/gross 
weight  will  be  made. 

3.  TEST  PROGRAM 

At  the  present  time,  it  is  not  possible  to 
lay  out  in  detail  the  test  program  that  will  be 
included  in  the  present  study  since  the  types 
of  heat  protection  and  primary  and  secondary 
structure  that  may  develop  cannot  be  foreseen. 

It  is  Intended,  however,  that  the  testing  will  be 
concentrated  on  the  heat  protection  problems  of 
insulating  and  cooling,  since  it  is  in  these  areas 
that  the  greatest  Ignorance  exists.  Testing  will 
be  confined  strictly  to  structural  elements  which 
can  be  recommended  theoretically  for  use  in 
the  MX-2276  airframe,  of  which  the  one  design 
for  a  radiation  barrier,  arrived  at  in  this  re¬ 
port,  could  be  a  starting  point. 

D  NAVIGATION  AND  CONTROL 

A  more  complete  investigation  of  the  pro¬ 
blems  and  the  design  of  the  inertial  system  will 
be  made  In  order  to  obtain  a  more  definite 
conception  of  the  navigation  system.  The  com¬ 
bination  of  the  inertial  system  with  various 
systems  for  obtaining  more  accurate  conditions 
at  the  beginning  of  cruise  will  then  be  studied 
in  more  detail. 
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Simultaneous  lobing  1.8-cm  radar  and  Redap 
3-cm  radar  will  be  studied  for  use  as  side- 
looking  radar  for  Btage  III.  A  forward-looking 
radar  will  also  be  examined  for  use  as  a 
"filler"  radar. 

E.  PROPULSION 

The  work  planned  for  the  remainder  of  the 
study  program  will  consist  of  three  parts. 


1 .  Continued  study  of  the  selected  propellant 
combinations  with  respect  to  propulsion  system 
layout,  handling,  and  physical,  chemical,  as 
well  as  thermodynamic  properties. 

2.  Investigation  of  the  possibility  of  applying 
nuclear  energy  for  the  propulsion  of  the  main 
power  plant  or  for  auxiliary  power.  While 
preliminary  investigation  suggests  that  this  may 
not  be  attractive  for  the  generation  of  auxiliary 
power,  further  investigation  is  desirable. 
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The  forces  acting  on  the  aircraft  cause  "absolute"*  accelerations  relative  to  the  as¬ 
sumed  inertial  axis  system  located  at  the  center  of  the  earth.  Thus,  the  aircraft  at  an  instant 
of  time  may  bo  located  in  space  relative  to  this  fixed-axis  system  Xj,  Y^,  Zj  as  shown  in 
Figure  83, 

where:  point  A  is  the  aircraft's  center  of  gravity 

r  is  the  radial  distance  from  the  origin  (O)  to  the  point  A 
p,  is  the  angle  measured  in  the  Xj  Yj  plane 
X  Is  the  angle  measured  in  the  AOZj  plane 

At  any  instant  of  time  an  observer,  who  is  also  located  In  space  coincident  with  point  A 
but  stationary  with  respect  to  the  earth's  surface,  will  see  the  aircraft  moving  with  a  relative 
velocity,  V,  in  some  direction.  Hence,  a  second  axis  system  is  established  with  the  observer  at 
the  origin.  This  axis  system,  herein  called  Xg  Yg  Zg,  is  illustrated  by  Figures  84a  and  84b, 
where:  The  Xg  Yg  plane  Is  parallel  to  a  plane  tangent  to  the  earth's  surface  at  point  A' . 


*  The  term  "absolute"  will  be  used  to  indicate  the  acceleration,  velocity,  etc.  referred  to  an 
inertial  system. 
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Zg  is  in  the  direction  of  r,  the  instantaneous  vertical,  and  perpendicular  to  the 
X2  Y2  plane. 

X2  is  in  the  direction  of  instantaneous  east, 

Yg  is  in  the  direction  of  instantaneous  south. 

£ ,  the  azimuth  angle,  is  measured  from  east  in  the  X2  Y2  plane. 
y,  the  flight  path  angle,  is  measured  in  a  vertical  plane  containing  the  velocity  vector 
and  perpendicular  to  the  X2  Yg  plane.  It  is  that  angle  between  the  velocity  vector  and 
its  projection  onto  the  Xg  Yg  plane, 

Likewise,  there  is  a  third  axis  system  which  is  located  in  the  aircraft  and  rotates  with 
it.  This  axis  system  is  a  right  hand  system  orientated  in  the  well-known  standard  manner  of 
aircraft  axes  (i.e.,  either  body  or  stability  axes)  in  which  the  X  axiB  is  arbitrarily  placed 
along  the  thrust  line,  chord  line,  flight  direction,  etc.  Herein,  this  axis  system  is  denoted  as 
the  X3  Y3  Zg  system.  It  is  along  these  axes  that  the  aerodynamic,  thrust,  and  gravity  forces 
arc  most  recognizable.  Thus,  the  linear  motions  of  the  aircraft  along  these  axeB  are  derived 
using  the  quantities  apparent  to  the  observer  rotating  with  the  earth;  namely,  relative  velocity, 
flight  path  and  azimuth  angles. 

Now  that  the  axis  systems  to  be  used  in  the  derivation  of  the  equations  nf  motion  have 
been  Illustrated,  all  that  remains  Is  the  choice  of  the  physical  principle  upon  which  the  equa¬ 
tions  of  motion  arc  based.  The  familiar  F  =  ma  cannot  be  used  because  it  refers  to  a  system 
of  constant  mass  and  an  aircraft,  especially  a  rocket  propelled  aircraft  with  an  operating 
propulsion  system,  is  obviously  not  such  a  system.  Therefore,  the  following  principle  1b  used 
In  the  derivation,  "If  one  has  a  system  S  of  particles,  then  the  vector  Bum  of  all  the  exterior 
forces  acting  on  S  Is  equal  to  the  time  rate  of  change  of  the  total  momentum  of  S  plus  the  rate 
at  which  momentum  is  being  transferred  out  of  S  by  the  particles  that  are  leaving  S."  See 
Reference  8  for  further  details.  This  principle  can  be  expressed  by  the  following  equations. 


where; 


Fxj,  Fy^  an<*  are  the  sum  of  the  exterior  forces  acting  on  the  aircraft  in  the 
Xj,  Yj  and  Z^  directions  respectively. 
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M  is  the  mass  of  the  aircraft  at  any  time, 
m  is  the  rate  at  which  propellants  are  being  consumed. 

VX1>  vYj>  vZj  are  the  absolute  velocities  of  the  body  in  the  Zj  directions 

respectively. 

vXi  *  vYi  aad  vZi  are  the  velocities  relative  to  the  aircraft  at  which  mass  Is 
*e  Ae  *e 

leaving  the  system  in  the  Xj,  Y^  and  7,\  directions  respectively. 

By  rearranging  equation  (2)  and  taking  note  of  the  fact  that  —■  =  -m,  the  following 
equation  results. 


*  Such  similar  notation  for  matrixes  will  be  used  throughout  the  remainder  of  the  derivation. 
The  subscript  denotes  the  axis  system  to  which  the  quantity  is  referred. 
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where  (£)  is  the  transformation  matrix  given  by: 

■  cos  Q  cob  if/  ,  cos  Q  sin  <f/  ,  -sin0  ' 

(i)  =  -COS  $  sin  if/  +sin  <p  sin  9  cos  if/,  cos  tj>  cos  ^  +sin  <fi  sin  9  sin  if/,  sin  $  cos  9  (7) 

^  sin  <£  sin  if/  +cos  sin  9  cos  if/,  -sin  <£  cos  if/  icoa  <p  sin  0  sini^,  cos  (fj  cos  9 

In  which  the  angles,  if/ ,  9  ,  and  <f>  are  angular  rotations  from  the  X2  Y2  Z2  axis  system 

to  the  X3  Y3  Z3  axis  system  in  the  yaw,  pitch  and  roll  planes  respectively.  The  order  of 

rotation  is  in  the  yaw,  pitch  and  roll  directions.  It  should  be  noted  that  the  angle  Q  1b  per¬ 
fectly  arbitrary  and  need  not  be  the  "pitch  angle”. 

Combining  equations  (4)  and  (6) 

<V3)  =  (i)  (?)  (Vj)  (8) 

Differentiating  equation  (8)  with  respect  to  time 

£  <V3)  =[!  </>]  (t)  (Vj)  ♦  (1)  [|  (/>]  (V,)  <  (/)  (/)  [£  (VX)]  (9) 

Differentiating  equation  (6);  substituting  the  results  in  equation  (9),  and  making  use  of  equation 
(4)  to  substitute  for  (Vj)  and  (j?)  (Vj) 

ft)  d)  [|  (Vt)]  =  (/)  (V2)]  -  (l)  (J)]  d)'1  (V2)  (10) 

By  multiplying  both  sides  of  equation  (3a)  by  the  quantity  (l)  (£)  and  substituting  into  equation 
(10)  the  following  matrix  equation  is  derived 

<a3)  =  in  (i>  d)  (Fj  ♦  mvle)  =  (!)  {I  (V2)  -  (J)]  (I)’1  (V2)}  (11) 

where  (53)  are  the  absolute  accelerations  along  the  X3  Y3  and  Z3  axes  respectively. 

The  right  side  of  equation  (11)  is  expanded  to  give 
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/  3?  *X,  +  V 


<i> 


dt  vY2 


Vy2  cosX/i 

Vz2  x 


V 


d 


Vz2  sin 
VXz  cos  X  /I 


\ 


dt  VZ2  +  Vx2  flln  X  A  +  Vy2  X 


/ 


(12) 


As  Vx2,  Vy2  and  VZ2  are  the  absolute  velocities  of  the  aircraft's  eg  in  the  direction  X2,  Y2 
and  Z2  it  can  easily  be  seen  from  Figures  83  and  84  that: 


VX2  =  v  cosy  cos  £  +  r  (1  sin  X 

(13a) 

Vy2  =  V  cos  y  sin  £ 

(13b) 

=  -V  sin  y 

/j2 

(13c) 

where  11  Is  the  rotational  velocity  of  the  earth. 

It  is  also  apparent  that 

•  0  V  cos  y  cos  £ 

r  r  sin  X 

(14a) 

^  V  cos  y  sin  £ 

r 

114b) 

dr 

dt  -  Vsi"' 

(14c) 

Using  equations  (13)  and  (14)  to  substitute  for  the  values  of  v2,  and  X  the  following 
expressions  for  ax^i  ay^  and  aZg  are  derived. 

*X3  =  V  [cosy  cos  (  (cos  9  cos <|0  +  cosy  sin  {  (cos  0  sin  +  )  +siny  (sin 9)] 

_  -  •  r  >  «  n 


-Vy 

-ve 


sin  y  cos  £  (cos  6  cos^)+siny  sin  £  (cos  9  aln\f> )  -cosy  (sinS)] 

cos y  sin  £  (cos  0  cost)/)  -cosy  cos  £  (cob  9  sin</0] 

.  .  —  (sin  y  sin  X  +cosy  sin  £  cosX)  (cos  9  cos^)| 

Vcos  y  cos  £  r 

’8inX  (Ii+  ~  rsinX - )  [(Vcosy  cos  C  +rft  sinX)  (sin0  )-(Vsin  y)  (cos  9  cos  v/r)] 

Vcqs  cos  %  r 

-cosX  (ft  +  r  slnX  )  [(Vcosy  cos  £  +ril  sinX  )  (cos  9  sin^)-(Vcosy  sin£  ) 

(cos  9  cos  i^) 

Report  No.  D143-945-011 

SECRET 


145 


SECRET 


BEL 


CORPORATION 


+— —  [  (Vsiny )  (cos  0  sin  ^)-(Vcos  y  sin  £  )  (sin  0 )]  (15a) 

ay3  =  V  [cosy  cos£  (-cos  p  sin  p  +sin  p  sin  0  cos\//)+coay  sin£  (cos p  cos'/' 

+slnp  sin  0  sini//)-sln  y  (sin  <f>  cos  0)] 

-V  y  [sin  y  cos  £  (-cos  p  sin  p  +sin  p  sin  0  cos  p) 

+sin  y  sin  £  (cos  p  cos  p  +sln  p  sin  9  sin  p )  +cos  y  (sin  p  cos  0 )] 

-  V  £  [  cos  y  sin  £  (-cos  p  sin  p  +sin  p  s*n  6  cos  p )  -cos  y  cos  £  (cos  p  cos  p 
talnp  sin  0  stn'f')]  +Vft  [(sin  y  sinX  +co«ysin£  cos  X  )  (-cos  p  sin  p 

tsln  £  sin  0  cos  p )  ]  +aln  X  (ft  +  — -°|j  )  [  (V  cos  y  cos  £ 

+rft  sin  X  )  (sin  p  cos  0  )  +  Vsin  y  (-cos  </>  sin  p  tain  p  sin  0  cob  ^)] 

-cos  X  (ft  +  VC° sin  X°8  ^  ^  [  (Vcos  X  cos  £  +  rftBln  X  )  (cos  p  cob 
+sin  p  sin  0  simj/  )-Vcoa  y  sin  £  (-cos  £  Bin  p  +sln  p  sin  0  cos  ^ )] 

+Vco^y_sii^£  [[  v  8jn  (coa  «#>  eos  V'  +sin  <#»  sin  ©  sln  U» ) 

+Vcoa  y  sin  £  (sin  p  cos  0  )]  (15b) 

IZa  =  V  [cos  y  cos  £  (sin  p  sin  p  +cos  p  sin  6  C0Bp)  +cos  y  sin  £  (-sin  p  cos  p 
4 cos  p  sin  0  sin  ^/)-sin  y  (cos  p  cos  0 )]  -V  y  [  sin  y  cos  £  (sin  </>  sin  p 
+cos  p  sin  0  cos  p  )+Bin  y  sin  £  (-sin  p  cos  p  +cos  p  sin  0  sin  p) 

+cos  y  (coa  P  cos  0 )]  -V  £  [  cos  y  sin  £  (sin  £  sin  p  *cos  p  sin  0  cos  p ) 

-cos  y  cos  £  (-sin  </>  cos  p  +  cos  p  sin  0  sin  ^ ) J  +  Vft  [(sin  y  sin  X 
+cos  y  sin  £  cosX  )  (sin  p  sin  p  +cos  p  sin  0  cos  <^)| 

+sln  X  (ft  +  V~^.88{n^~~  )  [vsin  y  (sin  ^  sin  ^  +cos  p  sin  0  coap  ) 

+  (Vcoa  y  cos  £  +rft  sin  X  )  (cos  p  cos  0  )]  -cos  X  (ft  +  ~-°-g^^-QS  ^  )  [(Vcos  y  cos  £ 

+r  ft  sin  X  )  (-sin  p  cos  p  +cos  p  sin  0  sin  p )- Vcos  y  sin  £  (sin  p  sin  p 

+cos  p  sin  0  cos  <^)]  +  (— C0S  y  8tn^  )  [  Vsin  y  (-sin  p  cos  ^ 

+cos  sin  0  sin  \//)+ Vcos  y  sin  £  [coap  cos0)j  (15c) 


£ 

I 

I 

I 

I 

I 

I 
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The  matrix  quantity  (£)  (£)  (Fj  +  mV^)  is  the  sum  of  aerodynamic,  gravity,  and  thrust 
forces  acting  along  the  three  autos  of  the  aircraft.  For  rocket -propelled  aircraft  these  are  as 
follows: 


Fx3'  -gMsin  9  tmVxg  +  [  (pe -PA)Ae]  X3  (10a) 

(£)  (/)  (Fl  +mVle  =  Fy3'  +gMsin  cos  A  tmVyg^  ♦  [(Pc-Pa>AC]  Yg  (16b) 

FZg'  +gMcos  <f>  cos  9  ^mV^  +  [(Pe-PA)Ae]  Z3  (16c) 

where:  Ae  is  the  area  of  the  rocket  exit 

Pe  is  the  pressure  of  the  exhaust  at  the  exit 

PA  is  the  ambient  pressure  of  the  atmosphere  at  the  altitude  under  consideration 
Fjjg',  fY3'i  and  FZa'  are  the  aerodynamic  forces  acting  along  the  X3,  Y3,  and  Z3 
axes 

g  is  the  gravitational  acceleration  constant  at  both  the  altitude  under  consideration 
and  orientation  with  respect  to  the  earth. 

In  the  normal  rocket  aircraft  the  quantity  mVyg  +  [(Pe-PA)Ac  ]  Yg,  which  is  a  side¬ 
ward  rocket  thrust,  is  zero.  Furthermore,  if  one  makes  the  simplification  of  measuring  6  to 
the  thrust  line  so  that  the  thrust  is  acting  along  the  X3  axis  (for  such  a  choice  of  0  the  X3  Y3 
Z3  system  is  a  body  axis  system),  it  is  obvious  that  the  rocket  thrust  in  the  Zg  direction  given 
by  mVZ3^  +  [(Pp-PA)Ae]  Zg  is  zero. 

When  equations  (15)  and  (10)  are  combined  a  very  complex  expression  for  the  aircraft 
motion  results.  However,  if  the  simplifying  assumptions  are  made  that  ^  (  (case  of  no 

sideslip)  and  that  9  =  y  (the  angular  rotation  in  the  pitch  plane  of  the  X3  Y3  Z3  axis  system 
is  through  the  angle  y  from  the  horizontal  to  the  flight  direction  making  the  X3  Y3  Z3  a 
stability  axis  system),  the  following  simplified  general  equations  result. 


•  t  D  2  2  2 

V  =  M  cos  v  M  sin  ^  )  si"  y  sin  X  cosX  cosy  sin  (  (17a) 

*  ,  Y  2  2 

V  £  cos  <£  cos  y  -V  y  sin  =  —  +  (g-rfl  sin  X  )  sin  <f>  cos  y 

2 

+rfl  sin  X  cos  X  (cos  'p  cos  £  +sin<£  sin  y  sin  f  ) 

+2V  ft  |  cos  X  (cos  4>  cos  y )  -stn  X  (sin  4>  cos  £ 
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-cos  <f>  sin  y  sinf  )]  -  ~  (sin  p  cob  y  -  cos  p  cos^  y  cos  (  cot  X  )  (17b) 

1  L  T  2  2 

V  y  cos  p  +V  (  sin  p  cob  y  =  M  4  ^  sin  w  -  (g-rfl  sin  X  )  cob  p  cos  y 

2 

+ril  sin  X  cos  X  (sin  p  cos£  -  cos  p  sin  y  sinf  ) 

+2Vfl  [cos  X  (aln  <^>  cosy)+sin  X  (coap  cos  £ 

2 

+sin  p  sin  y  sin£  )]  +  ~  (cos  #  cos  y  +sin  p  cob  y  cos£  cot  X  )  (17c) 

In  arriving  at  equations  (17)  from  equations  (15)  and  (16)  it  should  be  remembered  that  the 
aerodynamic  lift  force,  L,  and  drag  forces,  D,  are  in  the  negative  Z3  and  X3  directions 
respectively,  and  that  the  aerodynamic  side  force  (represented  by  Y)  is  in  the  positive  Y3 
direction.  It  is  assumed  that  the  thrust  line  is  displaced  from  the  flight  path  direction  by  the 
angle  u  ,  i.e.,  the  inclination  at  the  thrust  line  from  the  horizontal  is  given  by  the  angle  v  +  y  . 

If  additional  restrictions  are  placed  upon  equation  (17),  as  done  in  Reference  7,  namely: 
1)  the  aircraft  is  flying  in  the  equatorial  plane,  2)  the  aircraft  is  flying  towards  the  oast,  and 
3)  the  angle  of  bank  is  maintained  zero,  then  equation  (17)  is  reduced  to  the  form  as  given  in 
Reference  7.  Thoso  equations  arc  repeated  below. 


V  = 

T 

M 

COS 

v  - 

~  -(g  -  rfl2)  stay 

(18a) 

V  £ 

cos 

r  = 

Y 

M 

(18b) 

Vf 

= 

L 

M  + 

T 

M 

2 

sin  v  -  (g  -  rll  )  cos  y  *2 V&  •»  —  cos  y 

(18c) 

It  is  seen  by  comparison  of  equation  (18)  with  the  equations  resulting  from  the  combination  of 
equations  (15)  and  (16)  that  the  equations  given  in  Reference  7  are  a  special  case  of  the  general 
equations  of  motion.  Hence,  in  using  equation  (18)  to  calculate  the  performance  of  an  aircraft, 
the  limitations  placed  upon  the  flight  conditions  should  be  realized. 
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